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CHAPTER 1. GENERAL INTRODUCTION 
Perennial ryegrass (Lolium perenne L.) has been used extensively for both forage and 
turf in temperate regions (Casier and Duncan, 2002). It is an outcrossing, wind pollinated 
species with a two-locus self-incompatibility system (Cornish et al. 1979). Perennial ryegrass 
is naturally a diploid with 2n = 14 and belongs to the family Poaceae, which includes well-
studied crops including rice, maize, barley, wheat, and oat (Hitchcock et al., 1950). 
Perennial ryegrass has a fast establishment rate, strong seedling vigor, good tolerance to 
traffic and low mowing which make it a good choice for use on golf course fairways and 
athletic fields. In addition, its high digestibility and grazing tolerance make it an excellent 
forage grass (Wilkins, 1991). Perennial ryegrass was originated from Europe, temperate Asia, 
and North Africa (Terrell, 1968). Compared with other cool season turf grasses commonly 
used, it has poor ability to survive in severe winters (Gusta, 1980) which limits its use in the 
far northern areas of the United States. One of the important breeding objectives for both 
turf- and forage-type perennial ryegrass is to improve its winter hardiness. 
Winter hardiness is an ability to tolerate a wide range of winter environmental 
stresses including low temperatures, rapidly fluctuating temperatures, low light intensity, 
desiccation, wind, snow, ice cover, disease, and management practices (Humphreys, 1989). 
It is a complex quantitative trait and is difficult to quantify directly. The best way of 
evaluating winter hardiness is to rate field survival during a test winter that is severe enough 
to kill most non-hardy cultivars but cause variable degrees of injury to those with variable 
hardiness (Sulc et al., 1991). However, such winter environment is often not available. One 
approach to overcome this problem is to break down winter hardiness into more basic 
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component traits and use these components to predict winter hardiness. Freezing tolerance 
has been identified as a major component of winter hardiness (Lorenzetti et al., 1971; Hides, 
1979; Humphreys and Eagles, 1988). Fall growth could be another possible component to 
predict winter hardiness in perennial ryegrass. 
As a forage species, improving digestibility is an important breeding goal because 
high digestibility maximizes forage intake and improves efficiency of conversion by animals. 
The composition and content of cell walls are important determinant of herbage digestibility 
(Buxton and Russell, 1988). Cell-wall digestibility is negatively correlated with fiber 
concentrations (Wolf et al., 1993; Argillier et al., 1995; Méchin et al., 2001). The fiber 
components commonly measured in analysis of forage quality are neutral detergent fiber 
(NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL), which are all 
quantitative traits. 
Conventional phenotypic selection based on genetic variation remains the most 
successful method to improve quality traits in crop breeding programs. However, unlike 
qualitative traits, the phenotypes of quantitative traits are greatly influenced by environment. 
Also, measuring quantitative traits are often time-consuming and expensive. With the rapid 
development of dense linkage maps based on molecular markers such as rapid amplified 
polymorphism of DNA (RAPD), amplified fragment length polymorphism (AFLP), 
restricted fragment length polymorphism (RFLP), simple sequence repeat (SSR), it is 
possible to detect quantitative trait loci (QTL) responsible for quantitative variation and use 
the information for marker-assisted selection (MAS) to improve selection efficiency. Since 
molecular markers are not affected by the environment, marker-assisted selection should be 
superior to conventional phenotypic selection for those traits that have low heritabilities and 
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that their phenotypes are expensive to evaluate. Recently, genetic linkage maps based on an 
interspecific hybrid population derived from the cross between perennial ryegrass and annual 
ryegrass have been constructed by using 81 RAPD, 235 AFLP, 16 RFLP, 106 SSR, 2 
isozymes, and 2 morphological markers (Wamke et al., 2004). The genetic linkage maps of 
the interspecific ryegrass population were enhanced by 120 additional RFLP markers from 
barley, oat, and rice (Sim et al., 2005). As a consequence, a total of more than 200 
codominant markers as well as about 300 dominant markers have been mapped in the 
ryegrass population, permitting dissection of genetic loci of quantitative traits that segregate 
in the population. 
Many plant species from temperate regions show an increased freezing tolerance after 
being exposed to low nonfreezing temperatures and short photoperiod for a period of 3-4 
weeks, a process known as cold acclimation (Thomashow, 1999). Understanding the 
molecular basis of cold acclimation is of basic scientific interest and has the potential to 
develop new approaches to improve the freezing tolerance of plants. An advance in 
understanding of cold acclimation was the discovery of the C-repeat/dehydration-responsive 
element binding factor (CBF/DREB) cold-response pathway in Arabidopsis (Thomashow, 
2001). The DREB/CBFs function as transcription factors and bind to the DRE/CRT ex­
acting element (core motif: G/ACCGAC) commonly present in cold-regulated (COR) genes 
and subsequently upregulate the expression of such genes in Arabidopsis (Thomashow, 
2001). Overexpression of CBFl and CBF3 leads to constitutive expression of cold-inducible 
genes and enhanced freezing tolerance in Arabidopsis (Jaglo-Ottosen et al., 1998; Kasuga et 
al., 1999; Gilmour et al., 2000). The DREB/CBF genes are conserved in flowering plants 
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(Jaglo et al., 2001) which allows us to isolate DREB/CBF genes from ryegrass by using the 
PCR technique with degenerate primers. 
The objectives of this study are to: (1) Identify components of winter hardiness trait 
and QTLs that are associated with winter hardiness in the interspecific ryegrass mapping 
population by using enhanced genetic linkage maps. (2) Map QTLs that affect fiber 
components and crude protein in ryegrass herbage in the interspecific ryegrass mapping 
population. (3) Isolate and characterize a CBF gene in perennial ryegrass. 
Dissertation organization 
The dissertation is organized in the format consisting of three journal-styled 
manuscripts preceded by a general introduction and followed by a general conclusion. The 
manuscripts are formatted according to the requirements of each individual journal. The first 
manuscript "Identification of quantitative trait loci controlling winter hardiness in ryegrass" 
has been submitted to the journal of Molecular Breeding. The second manuscript "QTL 
analysis of fiber components and crude protein in an annual x perennial ryegrass population" 
will also be submitted for publication in the journal of Molecular Breeding and the third 
manuscript "Isolation and functional analysis of the LpCBF3 gene that encodes a 
DREB/CBF like protein in perennial ryegrass (Lolium perenne L.)" will be submitted for 
publication in the journal of Molecular Genetics and Genomics. Yanwen Xiong was the 
primary investigator for this work under the supervision of Dr. Shui-zhang Fei and is the first 
author of all the three manuscripts. 
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CHAPTER 2. IDENTIFICATION OF QUANTITATIVE TRAIT LOCI 
CONTROLLING WINTER HARDINESS IN RYEGRASS 
A paper submitted to Molecular Breeding 
Yanwen Xiong1, Shui-Zhang Fei1, Rajeev Arora1, E. Charles Brummer2, R. E. Barker3, 
Geunhwa Jung4, and S. E. Warnke5 
1 Department of Horticulture, 2 Department of Agronomy, Iowa State University, Ames, IA 
50011, USA; 3USDA-ARS, Corvallis, OR 97331, USA; 4 Department of Plant Pathology, 
University of Wisconsin, Madison, WI53706, USA; 5USDA-ARS, Beltsville, MD 20705, USA 
Key words: Freezing tolerance, Lolium multiflorum Lam., Lolium perenne L., QTL. 
Abstract 
Winter hardiness is a complex quantitative trait that limits geographic distribution of ryegrass. 
Improving winter hardiness is an important breeding goal in ryegrass breeding programs. An 
understanding of the genetic basis for the component traits of winter hardiness would allow 
more efficient selection. A three-generation interspecific population of an annual x perennial 
ryegrass consisting of 152 progenies was used to map quantitative trait loci (QTL) that 
control winter hardiness related traits including fall growth (FG), freezing tolerance (FT), and 
winter survival (WS) over two years. A total of twenty-six QTLs were identified for the three 
traits from both the female parental (MFA) and the male parental maps (MFB), of which 
seven were for FG, six for FT, and thirteen for WS. The proportion of phenotypic variation 
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explained by individual QTLs ranged from 10.4 to 22.1%. Coincident QTLs were detected 
on linkage groups (LGs) 4 and 5 for WS, on LG 5 for FT over years and maps. All QTLs for 
FG were identified in 2003 only. Interaction of QTL and environments were observed by 
comparing QTL mapping of the same population grown in two consecutive years. FG was 
positively correlated with WS and the common QTLs for FG and WS were located on LGs 1, 
3 and 4. FT also had a positive correlation with WS and their coincident QTLs were on LGs 
3 and 5. These coincident QTLs provide the genetic basis for predicting winter hardiness by 
using FG and FT, and along with the QTLs for WS, they might serve as potential markers for 
marker-assisted selection to improve winter hardiness in a future ryegrass breeding program. 
Abbreviations: FG - fall growth; FT - freezing tolerance; LG - linkage group; QTL -
quantitative trait loci; WS - winter survival. 
Introduction 
Perennial ryegrass {Lolium perenne L.) is used extensively as a forage grass due to its high 
nutritive values and persistence (Wilkins, 1991), and as a turf species in golf course fairways 
and athletic fields due to its fast establishment, strong seedling vigor, and good tolerance to 
both traffic and low mowing. However, its poor ability to survive in severe winter (Gusta, 
1980) limits its distribution in the far northern areas of United States. Therefore, improving 
winter hardiness is an important goal in perennial ryegrass breeding programs. 
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Winter hardiness is a complex quantitative trait affected by a number of interacting 
factors including responses to low temperatures, rapidly fluctuating temperatures, 
photoperiod, and vernalization requirement (Humphreys, 1989). The complexity of winter 
hardiness makes it difficult to evaluate reliably and then improve it based on phenotypic 
selection. The best method for evaluating winter hardiness of a cultivar is to rate field 
survival during a test winter that is severe enough to kill most non-hardy plants but cause 
variable degrees of injury to those with variable hardiness (Sulc et al. 1991). However, such 
winter environment is often not available. Moreover, assessing winter hardiness is hampered 
by various environmental factors and the existence of genotype and environment interaction. 
One approach is to break down winter hardiness into more basic component traits and use 
these components to predict winter hardiness. An understanding of the genetic basis of these 
component traits permits more efficient selection based on closely linked molecular marker 
loci. 
Freezing tolerance (FT) has been identified as a major component of winter hardiness 
(Lorenzetti et al., 1971; Hides, 1979; Humphreys and Eagles, 1988). Significant positive 
correlation between FT and field winter survival (WS) has been reported in perennial 
ryegrass (Humphreys, 1989; Waldron et al. 1998), barley (Hordeum vulgare L.) (Hayes et al., 
1993), wheat (Triticum aestivum L.) (Fowler et al., 1981), and alfalfa {Medicago sativa L.) 
(Brouwer et al., 1998). Both positive and negative correlations have been reported between 
fall growth (FG) and winter hardiness in alfalfa depending on different cultivars or 
populations (Perry et al., 1987; Schwab et al., 1996; Brouwer et al., 1998; Brummer et al., 
2000). Negative correlation between FG and winter hardiness might have resulted from that 
fact that short days and cool temperature in the fall reduce plant growth, and induce 
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accumulation of carbohydrate which may increase the ability of plants to survive in severe 
winter. 
Freezing tolerance can be measured by first hardening plants followed by freezing 
and recovery. The relative freezing tolerance was expressed as LT5o — the temperature at 
which 50% plants are killed after freezing (Fuller and Eagles, 1978; Gusta, 1980; Humphreys 
and Eagles, 1988; Waldron et al., 1998). However, this method requires substantial plant 
material and a large area that can be controlled at different freezing test temperatures, which 
is not feasible for testing a large population. An alternative method that has been used 
extensively in laboratories to evaluate freezing tolerance is to subject plant tissue to freeze-
thaw stress at various temperatures and then measure the electrolyte leakage. In this method, 
freezing tolerance was determined by LT50 — the temperature that results in 50% of the total 
electrolyte leakage (Stone et al., 1993; Teutonico et al., 1995; Jaglo-Ottosen et al., 1998; 
Brouwer et al., 2000; Zhu et al. 2000) or electrical conductivity at a single freezing 
temperature (Dexter et al., 1930; Dexter et al.,1932; Brouwer et al., 2000; Yamada et al., 
2004). 
Development of high density linkage maps based on molecular markers makes it 
possible to detect loci (QTL) responsible for quantitative traits. QTL mapping for the 
component traits of winter hardiness has been studied in various crop species, such as wheat 
(Sutka, 1994; Galiba et al., 1995, 1997), barley (Hayes et al., 1993; Pan et al., 1994; Francia 
et al., 2004), oil seed brassica (Brassica napus L.) (Teutonico et al., 1995), alfalfa (Brouwer 
et al., 2000), and lentil {Lens culinaris Medik.) (Kahraman et al., 2004), which identified 
genomic regions that were associated with winter hardiness related traits. 
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Molecular marker-based genetic maps of perennial ryegrass have been constructed by 
using the pi50/112 reference mapping population (Jones et al, 2002a, 2002b) and were used 
to map QTLs that were related to winter hardiness and other agronomic traits (Yamada et al., 
2004). A single QTL for electrical conductivity was detected on linkage group (LG) 4 in the 
pi 50/112 population of perennial ryegrass. Recently, genetic linkage maps based on an 
interspecific population derived from the cross between perennial ryegrass and annual 
ryegrass have been constructed by using 81 RAPD (rapid amplified polymorphism of DNA), 
235 AFLP (amplified fragment length polymorphism), 16 RFLP (restricted fragment length 
polymorphism), 106 SSR (simple sequence repeat), 2 isozymes, and 2 morphological 
markers (Warnke et al., 2004). The genetic linkage maps of the MFA x MFB population 
were enhanced by 120 additional RFLP markers from barley, oat, and rice, which allowed 
comparative genetic mapping and revealed substantial conserved synteny between ryegrass 
and the Triticeae species, oat, and rice (Sim et al., 2005). As a consequence, a total of more 
than 200 codominant markers as well as about 300 dominant markers have been mapped in 
the MFA x MFB population, permitting dissection of genetic loci of quantitative traits that 
segregate in the population. QTLs for resistance to the fungal disease of gray leaf spot have 
been identified by using the enhanced genetic maps in this population (Curley et al., 2005). 
Our objective in this study was to use the enhanced genetic linkage maps of ryegrass 
to locate QTLs that are associated with winter hardiness in the MFA x MFB population. The 
specific traits measured were FG, FT, and WS. The identification of genomic regions 
controlling FG, FT, and WS would improve our genetic understanding of these traits and 
provide insight into genetic basis of using fall growth and freezing tolerance to predict winter 
hardiness. 
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Materials and Methods 
Plant materials 
A three- generation interspecific ryegrass population consisting of 152 progeny individuals 
was used in the study. In brief, two annual ryegrass (Lolium multiflorum L.) plants from the 
cultivar 'Floregon', which has poor winter hardiness were crossed with two perennial 
ryegrass plants from the cultivar 'Manhattan', which has intermediate winter hardiness to 
produce two heterozygous ryegrass F1 populations. Two plants, named MFA and MFB, were 
randomly chosen, one from each population, to make a cross, with MFA as the female parent 
and MFB as the male parent. The progeny of 152 plants were allowed to grow to serve as the 
segregating population for genetic mapping. More details on the population development 
were described by Warnke et al. (2004). The population has been maintained in a research 
greenhouse at 20-21°C at Iowa State University (Ames, IA, USA). Twelve single-tiller 
clones were propagated from each of 152 plants and their parents and were maintained in the 
same greenhouse. On 15 May 2003, four clones of each genotype were transplanted to the 
field within each replication in an alpha-lattice design with three replications at the Iowa 
State University Horticulture Research Station near Gilbert, IA. Spacing between clones 
within each genotype was 30 cm. Each genotype (row) was separated by 60 cm. Plants were 
mowed at 6.4 cm above the soil surface on 17 July, 14 August, and 22 September in 2003, 
respectively. The experiment was repeated at a different site within the same research station 
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in 2004 except that in 2004, the plants were transplanted to the field on 3 June and mowed on 
22 July and 21 August 2004, respectively. 
Trait assessment and analysis 
Fall growth was measured as the vertical height of regrowth in centimeters on 14 November 
2003 and 12 November 2004, respectively. A total of twelve tillers from each genotype for 
one replication (three tillers per clone with four clones in each replication) were measured 
and the heights of the twelve tillers were averaged as the height for the genotype in the 
replication. 
Freezing tolerance was assessed by subjecting plant tissue to freeze-thaw stresses at 
various temperatures and then measured the ion leakage at different freezing temperatures in 
2003. The LT50 (°C) was determined by fitting the curve of ion leakage for each genotype. 
This protocol was based on Stone et al. (1993) with some modifications. One clone of each 
genotype was removed from naturally hardened field plants on 30 November 2003 and stored 
at a 4°C walk-in cold room to avoid dehardening. Individual tillers of similar size were 
separated from the clone and trimmed to 2.5cm long segments containing 2cm of the stem 
and 0.5 cm of the root, respectively. All the preparation work was also done at the 4°C cold 
room. Trimmed tillers were placed in test tubes (15* 125mm) containing 100 (il deionized 
water which were then placed in a programmable freezer (Model 8.5-3.1; ScienTemp Corp. 
Adrian, MI, USA) equilibrated at -2°C. Controls were kept at 4°C. Each tube contained two 
tillers. After 30 min, the temperature was lowered to -3°C and held for 30min and then 
lowered to -4°C and held for 30min again. Further cooling below -4°C was at a rate of 2°C / 
15 
h until -10°C, then 4°C / h for the rest and held for 15 min at each predetermined freezing 
temperature. One tube of each genotype was removed at each freezing temperature (-6°C, -
10°C, -14°C, -18°C, -20°C, -24°C, -28°C, -32°C), respectively, and thawed first on ice 
overnight at the 4°C cold room, and then removed from ice and kept at 4°C for a minimum of 
2h to allow slow thawing. Seven ml of deionized distilled water were added to the samples at 
room temperature. Then samples were infiltrated twice for 4min each at 0.1 atmosphere (10 
kPa) by using a vacuum pump and shaken horizontally for 1 h at 250 rpm. Initial electrical 
conductivity was measured for each sample with an YSI model 3403 conductance meter. 
Total conductivity for each sample was determined after autoclaving the samples at 121 °C 
for 20min. Percentage of ion leakage at each freezing temperature was calculated as the ratio 
of the initial conductivity to the total conductivity and was plotted as a function of freezing 
temperatures. The temperature value corresponding to the midpoint between the maximum 
and minimum (control) ion leakage obtained for each genotype was defined as the LT50 value. 
The LT50 values of three replications were used for further analysis. 
Because the method used for measuring freezing tolerance is very time consuming, 
we used another proven procedure (Dexter et al., 1932; Brouwer et al., 2000; Yamada et al., 
2004) to evaluate freezing tolerance by subjecting plant tissue to a freeze-thaw stress at a 
single freezing temperature followed by measuring electrical conductivity. One clone of each 
genotype was removed from naturally hardened field plants on 15 December 2004. Material 
storage and sample preparation were the same as described in 2003. Three prepared 
individual tillers from each genotype were placed into test tubes (15x 125mm) containing 100 
jj.1 deionized water. The tubes were then submerged into a glycol-containing bath initially 
equilibrated at -1.5°C while the control was kept at 4°C. The temperature was held at -1.5°C 
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for 2h, and then ice chips were added to tubes to initiate the formation of ice-nucleation. The 
temperature continued to hold at -1.5°C overnight. Then the temperature was lowered 
manually to -2°C at a rate of 0.5°C/ 30min until to -4°C. After that, the cooling rate was 
l°C/h until to -9°C, and then 2°C/hr to -15°C. The temperature was held at -15°C for 30 min. 
Then the tubes were taken out and thawed on ice at 4°C cold room overnight and removed 
from ice and kept at 4°C for a minimum of 2h to allow slow thawing. The subsequent steps 
were the same as described for 2003. Percentage of electrical conductivity was used to 
evaluate freezing tolerance. The electrical conductivity of three replications was used for 
further analysis. This method allowed us to process the sample at a timely manner, yet the 
results obtained from the two methods in 2003 and 2004 are comparable. 
Winter survival was visually scored on a scale of 0-5 with 0 being no survival and 5 
being full survival following the winter of 2003 and 2004. The data were collected on 10 
April 2004 and 9 April 2005, respectively. 
Analysis of variance of the phenotypic data was performed by the GLM procedure of 
Statistical Analysis System (version 8.0, SAS Institute Inc., Cary, NC, USA). The MIXED 
procedure was used to estimate variance components with all effects in the model considered 
random. Broad-sense heritabilities (H) were calculated as H= ag2/ (og2 + ar2 +art>2 +ac2), 
where ag2, ar2, art>2, and ae2 represent variance components due to genotype, replication, 
replication x block, and experimental error, respectively. Pearson correlation coefficients 
were used to evaluate correlations for pair-wise phenotypic traits by using the CORR 
procedure of SAS. 
QTL analysis 
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The genetic markers from the two parental maps, MFA and MFB, constructed separately by 
Warnke et al. (2004), including RAPD, RFLP, AFLP, SSR, isozyme, and morphological 
marker data were combined with the ryegrass RFLP marker data generated recently (Sim et 
al., 2005) to produce a composite marker dataset for QTL analysis of the present study. Two 
parental maps, MFA and MFB, were constructed by using the CP (cross population) type 
option in Joinmap® (Van Ooijen and Voorrips 2001). 
Both interval mapping analysis and Kruskal-Wallis analysis of MapQTL® (Van 
Ooijen et al., 2002) were employed to detect putative QTLs. Mean trait values from three 
replications were used to identify QTLs from both female (MFA) and male (MFB) maps. 
The logarithm of odds (LOD) score of 3.0 and a P-value less than 0.005 were chosen as the 
threshold for declaring putative QTL in interval mapping and Kruskal-Wallis analysis, 
respectively. Only those QTLs which were significant (LOD>3.0 and P<0.005) in both 
analyses were reported. QTL locations were determined by the peak of LOD score and the 
one-LOD support region was used as a confidence interval for the location of a QTL on the 
linkage maps. 
Results 
Phenotypic distributions, heritabilities, and correlations of traits 
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Variations were observed in all measured traits between two parents, 'MFA' and 'MFB' 
(Table 1 and Figure 1). Both parents had higher values in FG and WS in 2004 than in 2003. 
In both years, MFA was consistently associated with a higher FG and WS compared with 
MFB. MFA also showed more freezing tolerance than MFB in both 2003 and 2004. The 
mean values of MFA and MFB for FG, WS, and FT fell within the range of progenies, and 
all the three traits exhibited nearly normal distributions with transgressive segregants (Figure 
1). 
The broad-sense heritability was different among three traits (Table 1). Fall growth 
and WS had intermediate heritabilities in both years ranging from 0.47 to 0.69, whereas FT 
had a lower heritability of 0.31 measured in 2003 and 0.22 in 2004. 
Phenotypic correlations were detected between all the three traits over 2 years except 
between FT and FG. The strongest correlation was found between FG and WS in 2003 (r -
0.57) and the lowest correlation was that of FT and WS in 2003 with r = 0.15 (significant at P 
= 0.01). Freezing tolerance was positively correlated with WS consistently. Furthermore, FG 
had positive correlations with WS in both years. All three traits measured in 2003 were 
positively correlated with those measured in 2004. 
QTL detection 
Fall growth 
A total of seven QTLs for FG were identified from both female MFA and male MFB maps, 
all of them were significant only in 2003 (Table 3 and Figure 2). Of these, four QTLs were 
from the MFA map and three from the MFB map. The proportion of phenotypic variation 
19 
explained by individual QTL ranged from 10.4% to 21.6%. Five of the seven QTLs were 
detected on LGsl and 4 from both female and male maps. However, two QTLs, qFG-03-f7 
on LG 7 and qFG-03-m3 on LG3, were significant on the female and the male map, 
respectively. No QTL was detected for FG in 2004. 
Winter survival 
A total of thirteen QTLs for WS were detected (Table 3 and Figure 2). Six of them were 
located on LGs 1, 3, 4, and 5 of the female map and seven were on LGs 2, 3, 4, and 5 of the 
male map. Individual QTL explained 12.0-27.8% of the total phenotypic variance. Two 
QTLs from the female map, qWS-03-fl on LG 1 and qWS-03-f3 on LG 3, were significant 
only in 2003, as well as another one, qWS-O3-m3 on LG 3 from male map, also only in 2003. 
However, QTLs for WS identified in 2004 were all coincident with those in 2003 and they 
were located on LGs 4 and 5 on the female map and LGs 2, 4, and 5 on the male map. 
Common QTLs were found on LG 3, 4, and 5 from both female and male maps. The QTLs 
for WS on LG 4 and 5 were consistent on both years and both female and male maps. 
Freezing tolerance 
A total of six QTLs were identified over 2 years on both female and male maps and 
accounted for phenotypic variation of 12.7% to 22.1% (Table3 and Figure 2). In 2003, two 
QTLs were identified on LGs 3 and 5 on both female MFA and the male MFB maps. One 
QTL was detected on LG 5 in 2004 on both MFA and the MFB maps, explaining 16.2% and 
22.1% of the total phenotypic variation, respectively. The QTLs for FT identified in both 
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years were very consistent between maps. The QTL detected on LG 5 in 2003 was nearly 
perfectly overlapped with that identified in 2004. 
Discussion 
We measured 152 progeny individuals and their parents for three traits, FG, FT, and WS, in 
both 2003 and 2004 in the MFA % MFB population. Means of the parents for all measured 
traits fell within the range of progeny frequency distributions, suggesting transgressive 
segregations in both directions in the progenies (Table 1 ; Figure 1). Parent MFA was more 
winter hardy than MFB, as indicated by LT$o (°C) and electrical conductivity, although both 
parents derived from crosses of plants from the perennial ryegrass cultivar 'Manhattan' and 
the annual ryegrass cultivar 'Floregon'. The heterozygosity of both grandparents 
'Manhattan' and 'Floregon' allowed their hybrids to combine different alleles. As a result, 
parents used for constructing the mapping population differed in winter hardiness. 
Different QTLs detected in different years implied the presence of interaction of gene 
and environments. Two coincident QTLs were identified for WS over 2 years from both the 
MFA and MFB parents and they were located on LGs 4 and 5. However, two other QTLs for 
WS on LG 1 and LG 3 from the MFA parent and one QTL on LG 3 from the MFB parent 
were found only in 2003. No QTL was detected on FG in 2004 (Table 3; Figure 2). Different 
QTLs for WS and FG observed in 2003 and 2004 can be interpreted that specific 
environmental components may be critical for survival in one test year. Certain 
environmental conditions in 2003 may favor expression of some QTLs, for example qWS-
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03-fl, qWS-03-G, and qWS-03-m3, and QTLs for FG. One coincident QTL for FT, qFT-03-
m5, qFT-04-m5, qFT-03-f5 and qFT-04-f5, was located on LG 5 over 2 years, and this QTL 
was perfectly overlapped on both MFA and MFB map (Table 3; Figure 2), although we used 
different methods to evaluate the freezing tolerance in 2003 and 2004. This result 
demonstrated that both methods worked equally well for measuring freezing tolerance. 
Phenotypic correlation was observed between FT and WS (Table 2), which was 
consistent with previous studies (Fowler et al., 1981; Humphreys, 1989; Brouwer et al., 1998; 
Waldron et al. 1998). The coincident QTLs found between FT and WS provide evidence for 
the observed phenotypic correlation. One overlapped QTL for FT and WS, qFT-03-f3 and 
qWS-03-f3, and qFT-03-m3 and qWS-03-m3, was located on LG 3 on both MFA and MFB 
maps (Figure 2). Another was on LG 5 where the QTL for FT was very close to that for WS. 
Positive correlation was also found between FG and WS in our study, which was in 
agreement with the results reported by Brummer et al. (2000) in alfalfa where the taller plants 
tended to have less winter damage. The common QTLs between FG and WS accounted for 
their phenotypic relationships. For example, the QTLs for FG on LG 4 from both MFA and 
MFB, qFG-03-f4 and qFG-03-m4, coincided with those for WS. Another example was that 
the QTL for FG on LG1 from MFA map, qFG-03-fl, was overlapped with the QTL for WS, 
qWS-03-fl. These genetic regions common for FG and WS, and FT and WS explain their 
phenotypic correlations and provide the genetic basis for predicting winter hardiness by using 
fall growth and freezing tolerance. However, we also found some QTLs associated with WS 
were not associated with FG and FT, and visa versa. Therefore, indirect selection to improve 
winter hardiness based on correlated traits FG and FT will not be effective for all loci 
affecting WS. 
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In our study, one consistent QTL for WS over 2 years was mapped to LG 4 on both 
MFA and MFB maps (qWS-03-f4 and qWS-04-f4, and qWS-03-m4 and qWS-04-m4). 
Yamada et al. (2004) reported that the QTL for freezing tolerance measured by electrical 
conductivity was also located on the upper part of LG 4 in the pi 50/112 reference population 
of perennial ryegrass. Comparative mapping between ryegrass and Triticeae reveals that the 
one end of LG 4 of ryegrass is the counterpart of the Triticeae chromosome 5 due to a 
translocation (Sim et al., 2005). QTLs for freezing tolerance and vernalization response have 
been located in wheat (Galiba et al., 1995, 1997) and barley (Hayes et al., 1993; Pan et al., 
1994; Francia et al., 2004). Jensen et al. (2005) reported that the wheat vemaliztion gene 
VRN1 was mapped to LG 4 of perennial ryegrass and co-located with the QTL for heading 
date in perennial ryegrass. Thus, the QTL we identified for WS on LG 4 could correspond to 
the orthologue of the vernalization gene of wheat and barley. Two QTLs controlling 
vernalization and freezing tolerance are located separately on chromosome 5 in wheat and 
barley (Galiba et al., 1995; Francia et al., 2004). The LG 5 of ryegrass is the counterpart of 
the Triticeae chromosome 5 (Sim et al. 2005). Therefore, another consistent QTL we 
detected in the present study for WS and FT over 2 years from both MFA and MFB maps 
was located on LG 5, which might be the orthologue of the QTL for freezing tolerance 
detected in wheat and barely. We did not detect QTL for freezing tolerance but for winter 
survival on LG 4 in the study, while Yamada et al. (2004) identified one QTL for FT on LG 
4 but no QTL for winter survival. This could result from the different mapping population we 
used and the interaction of gene and environments. 
QTLs that show stable expression over environments are desirable for marker-
assisted selection (MAS). In the present study, coincident QTLs for WS were identified on 
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LGs 4 and 5 over 2 years from both MFA and MFB maps. The QTL for FT on LG 5 was also 
detected over 2 years from both MFA and MFB maps. These QTLs could serve as potential 
markers for MAS to improve winter hardiness in future ryegrass breeding programs. The 
identification of QTLs affecting winter hardiness related traits provides new knowledge 
about the genetics of winter hardiness of ryegrass. 
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Table 1. Mean, range and broad sense heritabilities for both parents and progeny in 2003 and 
2004 for fall growth (FG), freezing tolerance (FT), and winter survival (WS) in the annual x 
perennial ryegrass population. 
2003 2004 
Source FG (cm) FT (LT50, °C f WS FG (cm) FT(EC)5 WS 
MFA 13.2 ± 1.4 -17.2 ± 1.77 2.33 ± 0.72 16.4 ± 1.0 14.3 ±0.18 3.0 ±0.27 
MFB 9.0 ±0.9 -16.7 ±0.36 1.89 ±0.42 13.0 ±2.5 17.0 ± 1.38 1.78 ± 0.31 
MFAxMFB 8.9 ±2.2 -17.9 ± 1.54 1.14 ± 1.03 14.3 ±2.5 17.6 ± 3.0 1.76 ±0.97 
Range 4.3- 14.8 -22.8--14.2 0-3.78 6.0-21.5 12.4-25.3 0-4.33 
Heritability 0.47 0.31 0.64 0.69 0.22 0.65 
£ Freezing tolerance was measured as LT5q value (°C) in 2003 (the temperature at which 50% 
ion leakage occurred). 
§ Freezing tolerance was measured as EC (electrical conductivity) at -15 °C in 2004. 
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Table 2. Pearson correlation coefficients among fall growth (FG), freezing tolerance (FT), 
and winter survival (WS) measured in 2003 and 2004 in the annual x perennial ryegrass 
population. 
FG FT WS 
2003 2004 2003 2004 2003 
FG,2004 
FT,2003 
FT, 2004 
WS, 2003 
WS, 2004 
0.34*** 
ns 
ns 
0.57*** 
0.14** 
ns 
ns 
0.33*** 
0.36*** 
0.19** 
0.15** 
0.15** 
0.16** 
0.22** 0.48*** 
ns, **, and *** indicate nonsignificant and significant at the 0.01, and 0.001 probability level, 
respectively. 
Table 3. Putative QTLs controlling fall growth (FG), freezing tolerance (FT), and winter survival (WS) detected on both female 
MFA and male MFB maps in 2003 and 2004 by simple interval mapping and Kruskal-Wallis analysis of MapQTL in the annual 
perennial ryegrass population. 
Name of linkage Peak LOD QTL LOD position Explanation 
Trait QTL§ group Nearest marker P-value£ score Position +/- 1 unit. (%)* 
FG qFG-03-fl 1 A-EaccMcac-198 0.005 4.6 217 20.9-37.7 19.8 
qFG-03-f4.1 4 K9-650 0.005 3.47 69.6 60.8-73.7 12.7 
3 qFG-03-f4.2 4 COO 122 0.0005 4.94 98.4 82.3-116.9 18.4 ? qFG-03-f7 7 TF34-230MFA 0.001 3.02 98 9 88.9-102.6 13.1 
8* WS qWS-03-fl 1 CD094 0.005 3.92 30.4 28.2-35.2 19.1 
s 
o qWS-03-G 3 CD0455 0.005 3.18 68.1 59.3-82.3 12.7 
t qWS-03-f4 4 CD0241 0.0001 3.83 116.9 65.5-126.9 14.1 
8 qWS-03-f5 5 BCD1087 0.0005 3.47 28.6 25.2-31.4 18.9 
1 qWS-04-f4 4 CD087 0.0005 3.98 113.5 65.5-126.9 14.7 qWS-04-f5 5 BCD1087 0.001 3.19 28.6 25.2-31.4 15.4 
3 P FT qFT-03-G 3 G7.450 0.0005 3.69 62.7 55.7-66 12.7 
-o qFT-03-f5 5 CD0667 0.005 3.94 46.5 35.5-70.8 17.5 
qFT-04-f5 5 A-EaagMctt-262 0.005 3.14 39 9 35.5-49.2 16.2 
FG qFG-03-ml 1 CD0959 0.005 3.25 79.6 74-87 11.3 
XD qFG-03-m3 3 CD0345 0.001 3.35 11.8 0-21.7 10.4 
H 
r qFG-03-m4 4 CD0122 0.0005 5.06 617 49.8-75 21.6 
o. WS qWS-03-m2 2 A-EaccMcta-376 0.0005 3.86 21.2 0 - 2 5  15.1 
S qWS-03-m3 3 •K12.1500 0.001 4.46 0 0-15.9 22.1 
Q. qWS-03-m4 4 CD0504 0.005 3 86 69.8 43.1-79.4 22.0 
§ qWS-03-m5 5 BCD1087 0.0005 5.57 31.3 21.2-36.6 27.8 
2 qWS-04-m2 2 A-EaccMcta-376 0.005 3.23 21.2 0 - 2 5  12 
03 qWS-04-m4 4 BCD385 0.0005 4.87 71.1 33-79.4 23.5 
! qWS-04-m5 5 BCD1087 0.001 4.59 31.3 23.6-35.5 19.7 
-O FT qFT-03-m3 3 CD0345 0.005 3.01 11.8 0-40 14.3 
qFT-03-m5 5 CD0749 0.001 4.07 47 39.9-60 16.2 
qFT-04-m5 5 CD0749 0.001 3.46 47 43.8-60 22.1 
§ The QTL nomenclature followed the rules described by McCouch et al. (1997) in the form q-trait-year-female/male map linkage 
group. When there were more than one QTL for the same trait in the same map and same year, then different numbers were added 
as suffix at the end of QTL name to distinguish the QTLs. 
£ The P-value is the significant probability level for Kruskal-Wallis analysis. 
¥ Percentage of phenotypic variation explained by individual QTL. 
U> NJ 
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Figure captions 
Figure 1. Progeny frequency distributions for fall growth (a), winter survival (b) measured 
in 2003 and 2004, 2003 freezing tolerance measured as LT50 (c), and 2004 freezing tolerance 
measured as electrical conductivity (d) in the annual x perennial ryegrass population. The 
means of the parents (MFA and MFB) are indicated by arrows. 
Figure 2. Location of putative QTLs for fall growth (FG), winter survival (WS), and freezing 
tolerance (FT) measured in both 2003 and 2004 on female parental (MFA) map (a) and male 
parental (MFB) map (b) of the annual x perennial ryegrass. QTL positions for the three traits 
detected by simple interval mapping are shown on the left of the linkage groups. The number 
on the top indicates the linkage group. Black, hatched, and white bars represent interval 
regions of putative QTLs for FG, WS, and FT, respectively. 
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CHAPTER 3. QTL ANALYSIS OF FIBER COMPONENTS AND CRUDE PROTEIN 
IN AN ANNUAL x PERENNIAL RYEGRASS POPULATION 
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Abstract 
Annual {Lolium multiflorum Lam.) and perennial {Lolium perenne L.) ryegrass are two 
common forage species in temperate regions. Improving the digestibility of forage by 
decreasing fiber content is a major goal in forage crop breeding programs. An annual x 
perennial ryegrass population was used to map quantitative trait loci (QTL) for fiber 
components, neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent 
lignin (ADL), and crude protein (CP). Samples were harvested three times in August and 
September, 2003 and August, 2004, respectively. Simple interval mapping was used to detect 
QTL from both the male and female parental maps previously developed for the population. 
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Fiber components were all positively correlated with each other and negatively with CP. The 
largest correlation were between NDF and ADF with r = 0.86, 0.72, and 0.82 for each of the 
three harvests. All four traits showed intermediate broad-sense heritability ranging from 0.31 
to 0.68. A total of 63 QTLs were detected for the four traits measured over the three harvests 
from both the female and male maps. Coincident QTLs were detected on linkage groups 
(LGs) 2, 6, and 7 for NDF, LGs 1, 2, and 7 for ADF, LGs 6 and 7 for ADL, and LG 2 for CP, 
respectively. Coincident QTLs were also detected on LGs 2, 6, and 7 for NDF and ADF, 
providing the genetic evidence of high phenotypic correlation. The QTLs on LGs 2, 6, and 7 
for fiber components were co-located on the same LG with several lignin biosynthetic genes 
from perennial ryegrass. 
Abbreviations: ADF - acid detergent fiber; ADL - acid detergent lignin; CP - crude protein; 
LG - linkage group; NDF - neutral detergent fiber; QTL - quantitative trait loci. 
Introduction 
Perennial ryegrass (Lolium perenne L.) and annual ryegrass (Lolium multiflorum Lam.) are 
used widely as forage species in temperate regions. Improving digestibility is an important 
goal in forage ryegrass breeding programs because high digestibility maximizes forage intake 
and improves efficiency of conversion by animals. The composition and content of cell walls 
are key factors affecting herbage digestibility. Cell walls are predominantly composed of 
cellulose, hemicellulose, and lignin. The presence of lignin limits the digestion of intact cell 
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walls (Moore and Hatfield 1994; Cardinal et al., 2003). Cell-wall digestibility is negatively 
correlated with fiber concentrations (Wolf et al., 1993; Argillier et al., 1995; Méchin et al., 
2001). Thus, improving cell-wall digestibility could be achieved by decreasing fiber 
components. 
Forage quality can be evaluated directly by feeding experiments, but this method is 
costly and not possible with low quantities of breeding materials (Lubberstedt et al., 1997). 
Indirect methods of assessment include in vitro digestibility with rumen liquor (Tilly and 
Terry 1963; Menke et al. 1979), enzymatic digestion (De Boever et al. 1986) and chemical 
analysis of cellular components (Van Soest 1963). However, chemical analyses for forage 
quality are slow and laborious, especially for multiple measurements of nutritive value of 
larger samples. Near-infrared reflectance spectroscopy (NIRS) offers an inexpensive, rapid, 
and accurate technique to evaluate forage-quality traits for breeding materials, although some 
chemical analyses are required for calibration. NIRS has been used as a routine method to 
evaluate forage quality in many forage species (Roberts et al., 2004). Use of NIRS allows 
measurements of various forge-quality traits to be obtained simultaneously. 
The conventional breeding method that exploits substantial genetic variation and 
then selects desirable traits remains the most successful approach to improve quality traits of 
herbage in ryegrass. Phenotypic selection for high digestibility has been successful in forage 
crop species (Casier 2001). However, measurements for phenotypic traits like fiber, lignin 
and protein are still time-consuming and expensive. With the rapid development of dense 
linkage maps based on molecular markers such as amplified fragment length polymorphism 
(AFLP), simple sequence repeat (SSR), rapid amplified polymorphism of DNA (RAPD), and 
restricted fragment length polymorphism (RFLP), it is possible to detect quantitative trait loci 
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(QTL) responsible for quantitative variation and use the information for marker-assisted 
selection (MAS) to improve selection efficiency. Marker-assisted selection should be 
superior to conventional phenotypic selection for those traits that have low heritabilities and 
that their phenotypes are expensive to evaluate. Molecular marker-based genetic maps of 
perennial ryegrass have been constructed by using the pi 50/112 reference genetic mapping 
population (Jones et al. 2002a, 2002b), and were used to map QTLs that were related to 
herbage quality traits such as in vivo dry matter digestibility (IVVDMD), neutral detergent 
fiber (NDF), estimated metabolizable energy (EstME), and crude protein (CP) (Cogan et al., 
2005). A total of thirteen QTLs for NDF, eight QTLs for EstME, and seven QTLs for CP 
were observed from six different sampling experiments varying by developmental stage, 
location or year. A coincident QTL for NDF was located on LG 7 and was close to the 
locations of the lignin biosynthesis genes LpCCRl (cinnamoyl CoA-reductase), LpOMTl 
(caffeic acid-O-methyltransferase) and LpCAD2 (cinnamyl alcohol dehydrogenase) (Heath et 
al. 1998; Lynch et al. 2002; Mclnnes et al. 2002; Cogan et al. 2005). The QTLs affecting 
fiber components and crude protein (CP) concentration have also been examined in forage 
maize (Lûbberstedt et al., 1997, 1998; Méchin et al., 2001). Cardinal et al. (2003) identified a 
total of 65 QTL that were associated with fiber and lignin content in maize. 
Warnke et al. (2004) constructed female and male genetic linkage maps from an 
interspecific annual x perennial ryegrass mapping population based on 81 RAPD, 235 AFLP, 
16 RFLP, 106 SSR, 2 isozyme, and 2 morphological markers. The genetic maps were 
enhanced by 120 additional RFLP markers from barely (Hordeum vulgare L.), oat (Avena 
sativa L.), and rice (Oryza sativa L.) and comparative mapping has allowed the alignment of 
the ryegrass genetic map with those of Triticeae, oat, and rice and revealed substantial 
42 
conversed synteny between the genome of the ryegrass and those of the Triticeae species, oat 
and rice (Sim et al., 2005). The enhanced genetic maps provide the basis for mapping the 
QTL responsible for phenotypic variation that exists in the mapping population. Four QTLs 
that were associated with resistence to the fungal disease of gray leaf spot have been 
identified by using the enhanced genetic maps in this population (Curley et al., 2005). The 
objective of the study reported here was to map QTL that affect fiber components and crude 
protein of ryegrass herbage in the interspecific mapping population. The specific traits 
measured were neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent 
lignin (ADL), and crude protein (CP). The QTLs observed in varying developmental stage or 
year was compared and the heritabilities for each trait and the relationships between traits 
were examined as well. The identification of genomic regions that control the fiber 
components and crude protein content would improve our genetic understanding of these 
traits and provide the basis for MAS for ryegrass breeding and for identification of genes 
involved in ryegrass cell-wall digestibility. 
Materials and Methods 
Plant materials 
A three- generation interspecific ryegrass population consisting of 152 progeny individuals 
was used in the study. In brief, two annual ryegrass (.Lolium multiflorum L.) plants from the 
cultivar 'Floregon' were crossed with two perennial ryegrass plants from the cultivar 
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'Manhattan' to produce two heterozygous ryegrass F1 populations. Two plants, named MFA 
and MFB were randomly chosen from each population to make a cross with MFA as the 
female parent, and MFB as the male parent. The progeny of 152 plants were allowed to grow 
to serve as the segregating population for genetic mapping. More details on the population 
development were described by Warnke et al. (2004). 
Phenotypic data analysis 
The population has been maintained in a research greenhouse at 20-21°C at Iowa State 
University (Ames, IA, USA). Twelve single-tiller clones were propagated from each of 152 
plants and their parents and were maintained in the same greenhouse. On 15 May 2003, four 
clones of each genotype were transplanted to the field within each replication in an alpha-
lattice design with three replications at the Iowa State University Horticulture Research 
Station near Gilbert, IA. Spacing between clones within each genotype was 30 cm. Each 
genotype (row) was separated by 60 cm. Plants were mowed at 6.4 cm above the soil surface 
on 17 July 2003 to encourage regrowth. Each four-clone plant was then hand-harvested by 
sharp sickles. The cutting height was about a 6.4 cm stubble height as mowing. The first 
harvest was taken on 14 August 2003 and the second on 22 September 2003. The experiment 
was repeated at a different site in the same research station in 2004 except that in 2004 the 
plants were transplanted to the field on 3 June and mowed on 22 July and harvested on 21 
August 2004. After each harvest, samples were dried for 5 d at 60 °C in a forced-air dryer. 
Dried plants were first ground with a Wiley mill and then reground with a UDY 
cyclone mill (Cyclone Mill, UDY Mfg., Fort Collins, CO, USA) to pass a 1-mm mesh screen. 
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Ground samples were analyzed by near-infrared reflectance spectroscopy (NIRS). A Pacific 
Scientific 6250 scanning monochromator was used with wavelengths ranging from 1100 to 
2500 nm spaced 4 nm apart to determine reflectance (NIRS Systems, Silver Spring, MD, 
USA). Separate calibration sets were selected from 2003 and 2004 harvests. Fifty and forty 
calibration samples were selected for 2003 and 2004 harvest calibration sets, respectively. 
The calibration sets represented the range of H- value for the entire sample set (Shenk and 
Westerhaus, 1991a). One gram of each sample was dried for at least 2 hr at 100 °C to obtain 
dry matter percentages. Samples from each calibration set were analyzed in triplet to 
determine NDF, ADF, and ash-free ADL. An ANKOM 200 Fiber Analyzer (ANKOM 
Technology Corp., Fairport, NY, USA) was used to determine NDF and ADF for the 
calibration sets (Vogel et al., 1999). Ash and ADL concentration were determined for the 
calibration set based on Van Soest et al. (1991). Nitrogen concentration was determined by 
combustion (LECO system CHN-2000) (Gavlak et al., 1994), and CP concentration was 
calculated by multiplying nitrogen by 6.25. All data were reported on a dry matter basis. 
NIRS prediction equations were developed separately for NDF, ADF, ADL and CP 
for 2003 and 2004 harvests using modified partial least squares regression (Shenk and 
Westerhaus, 1991b) with the Infrasoft International NIRS ver. 3.0 software program (ISI, 
Port Matilda, MA, USA.). Coefficients of determination (R2), standard errors of the 
calibration (SEC) and the cross validation (SECV) of predication equations for the 2003 
harvest calibration set were 0.99, 0.38, and 1.18 for NDF; 0.99, 0.20, and 0.66 for ADF; 0.88, 
0.14, and 0.19 for ADL; and 0.99, 0.04, and 0.10 for CP, respectively. The R2, SEC, and 
SECV of prediction equations for the 2004 harvest calibration set were 0.98, 0.57, and 1.07 
for NDF; 0.93, 0.52, and 0.68 for ADF; 0.87, 0.12, and 0.16 for ADL; and 0.98, 0.06, and 
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0.11 for CP, respectively. NDF, ADF, ADL and CP values were predicted for all samples by 
using the prediction equations developed. The predicated values were used for further data 
analysis. 
Analysis of variance for the phenotypic data was performed by the GLM procedure of 
the Statistical Analysis System (version 8.0, SAS Institute Inc., Cary, NC, USA). The 
MIXED procedure was used to estimate variance components with all effects in the model 
considered random. Broad-sense heritabilities (//) were calculated as H = ag2/ (ag2 + ar2 +arb2 
+ae2), where <rg2, ar2, arb2, and ae2 represent variance components due to genotype, replication, 
replication x block, and experimental error, respectively. Pearson correlation coefficients 
were used to evaluate correlations for pair-wise phenotypic traits by using the CORR 
procedure of SAS. 
QTL analysis 
The genetic markers developed by Warnke et al. (2004) including RAPD, AFLP, 
RFLP, SSR, isozyme, and morphological markers were combined with additional RFLP 
marker data generated recently (Sim et al., 2005) to produce a composite marker dataset for 
QTL analysis of the present study. Two parental maps, MF A and MFB, were constructed by 
using the CP (cross population) type option in Joinmap® (Van Ooijen and Voorrips 2001). 
Interval mapping analysis was employed to detect QTL implemented by MapQTL 4.0 (Van 
Ooijen et al., 2002). Mean trait values for each harvest were used for detecting putative QTL 
in both female parental (MFA) and male parental (MFB) maps. A logarithm of odds (LOD) 
score of 3.0 was chosen as the threshold for declaring putative QTL. Quantitative trait loci 
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positions were determined by the maximum LOD score. A confidence interval for the 
location of a QTL on the genetic map was determined by one LOD unit subtracted from the 
maximum LOD position. 
Results 
Phenotypic distributions 
A wide of range of variations were observed for all four traits measured for the three harvests 
in the mapping population (Table 1; Figure 1). Parental phenotypic means varied for each 
trait but all fell within the range of progeny individuals. The progenies showed near normal 
distributions for all traits. Most trait means of the progenies except for ADL were highest in 
the August harvest of 2003, lowest in the 2003 September harvest, and intermediate in the 
2004 harvest. 
Phenotypic correlations and heritabilities 
The broad-sense heritabilities ranged from 0.31 for ADF at the first harvest taken in August 
2003 to 0.68 for ADL at the harvest taken in 2004 (Table 1). Heritabilities were the highest 
for all traits for the August harvest of 2003, and the lowest in the 2003 September harvest. 
The heritabilities of all traits measured in 2004 were intermediate between the two 
aforementioned harvests. 
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As shown in Table 2, correlations between all traits were detected within each harvest 
except for between ADL and CP in the August and September harvests of 2003. The three 
largest phenotypic correlations were between NDF1 and ADF1 (r = 0.86), NDF3 and ADF3 
(r = 0.82), and NDF2 and ADF2 (r = 0.72). All fiber components (NDF, ADF, and ADL) 
were positively correlated with each other. NDF and ADF were correlated negatively with 
CP. Correlations between NDF and ADF were higher than correlations between NDF and 
ADL, and ADF and ADL. 
QTL analysis 
A total of 63 QTLs were detected for the four traits across three harvests from both the 
female and male parental maps (Table 3 and 4; Figure 2 and 3). Twenty-six of them were 
from the female MFA map and thirty-seven were from the male MFB map. The QTLs 
identified were distributed on every LG except for the LG 3 on the male map (Figure 3 and 
4). Variable numbers of QTL were found from different harvests. The highest number of 
QTLs was detected in the 2004 harvest, with eleven QTLs on the MFA map and fourteen 
QTLs on the MFB map. The least number of QTLs detected was in the August harvest of 
2003, with six QTLs on the MFA map and eleven QTLs on the MFB map. No QTL related to 
ADL was found on the MFA map in the 2003 September and 2004 harvests. 
NDF 
A total of nineteen QTLs were identified for NDF across the three harvests (Table 3 and 4; 
Figure 2 and 3), of which nine were from the female and ten from the male map. The QTLs 
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were distributed on LGs 1,2,3, 5, 6, and 7 on the female map, and LGs 1,2,6 and 7 on the 
male map, and explained phenotypic variation ranging from 12.4% to 41.5%. Coincident 
QTLs for NDF were identified on LG 7 on the female map from all three harvests, and on 
LGs 2, 6 and 7 on the male map from the 2003 August and 2004 harvests, the August and 
September harvests of 2003, and the 2003 August and 2004 harvests, respectively. QTLs for 
NDF were found on LGs 1,2,6 and 7 on both female and male maps. Single individual QTL 
for NDF was detected on LGs 3 and 5 on the female map from the 2004 harvest. 
ADF 
A total of twenty QTLs for ADF were found for the three harvests from the female and male 
maps. Ten QTLs were detected on the female and male map, respectively (Table 3 and 4; 
Figure 2 and 3). The QTLs were mapped on LGs 1, 3, and 7 on the female map and LGs 1, 2, 
6 and 7 on the male map and accounted for 10.1- 47.7% of the phenotypic variation. 
Overlapped QTLs for ADF were found on LG1 from the 2003 and 2004 harvests and LG7 
from all the three harvests on female map. Similarly, coincident QTLs were found for ADF 
on LGs 1, 2 and 7 on the male map from two of the three harvests. Common QTLs were 
found on LG 1 and 7 from both female and male maps. Two single individual QTLs were 
mapped on LG 3 and LG 6 on the female and male map, respectively. 
ADL 
A total of ten QTLs were detected for ADL for three harvests from both female and male 
maps (Table 3 and 4; Figure 2 and 3). Nine of them were observed on the male map and only 
one was on the female map. The QTL identified on the female map was located on LG 7 and 
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explained 13.0 % of the phenotypic variation and the QTLs identified on the male map were 
mapped on LGs 2,5,6 and 7 and accounted for phenotypic variation ranging from 11.7 to 
45%. Coincident QTLs were found on LGs 6 and 7 from the three harvests and the two 
harvests of 2003, respectively, on the male map, and the QTL located on LG7 was common 
on both the female and male maps. 
CP 
A total of fourteen QTLs for CP were identified from both female and male maps for the 
three harvests (Table 3 and 4; Figure 2 and 3). Six of which were from the female map and 
eight from the male map. The QTLs on the female map were located on LGs 1,2,4 and 5 
and the QTLs on the male map were mapped to LGs 1,2,4,5 and 7. One coincident QTL 
was found on LG 2 from the September 2003 and 2004 harvests on both the female and the 
male maps, and explained more than 15% of the phenotypic variation. A single individual 
QTL was detected on LGs 1,2, 4, 5 on the female map and LGs 1,2,4, 5, and 7 on the male 
map from a single harvest. 
Discussion 
Transgressive segregation in both directions was observed for all traits for the three harvests 
in the annual x perennial ryegrass population (Table 1; Figure 1). Most traits had 
intermediate broad sense heritabilities which appeared to be influenced more by plant 
developmental stage than year. Fiber components were positively correlated with each other 
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and negatively correlated with crude protein. A total of 63 QTLs were detected for four traits 
across the three harvests from both the female and the male maps in the population. 
Coincident QTLs were identified for most traits measured from at least two harvests on both 
the female and the male maps. Overlapped QTLs for different traits were also detected in the 
population. 
We measured fiber components (NDF, ADF, ADL), and CP of 152 progenies of the 
population as well as the MFA and MFB parents at three harvests varying by developmental 
stage or year. Phenotype means of parents showed variation for most traits and fell within the 
range exhibited by progeny individuals, providing evidence for transgressive segregation in 
both directions (Table 1; Figure 1). Although the parent values were in the same category 
group for ADF in the September 2003 harvest and for CP in the August 2003 harvest (Figure. 
2 B and D), the progenies still exhibited substantial variation. This was because the parents 
of the annual and perennial ryegrasses cross were heterozygous at most loci. The 
combination of different loci displayed tremendous variation when gametes formed. 
Most broad sense heritabilities for fiber components and CP are intermediate and 
some are low (H ADF= 0.31 and 0.41 in the Sep. and Aug. harvest of 2003, Table 1), 
suggesting that marker-assisted selection would be superior to conventional selection for 
decreasing fiber content. The heritabilities of all traits measured in the similar developmental 
stage were closer than that in different years. The heritabilities for the traits measured in 
August, whether in 2003 or 2004, were higher than that measured in September, 2003. In the 
August harvests, most plants were still in the vegetative growth stage, whereas in September, 
one month later, some plants had flowered already. Herbage quality is influenced greatly by 
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reproductive development. Therefore, selection in the right developmental stage would be 
important for increasing digestibility in ryegrass breeding programs. 
Phenotypic correlations were high between NDF and ADF in different harvests (r = 
0.86, 0.72, and 0.82 for the three harvests, respectively; Table 2). This result agrees with the 
results reported by Cardinal et al. (2003) in forage maize. Consequently, selection for one 
trait would cause a correlated response of the other trait in the same population. Therefore, in 
ryegrass breeding programs, it may be only necessary to select for one of the two fiber 
components. 
The QTL mapping of fiber components presented here is consistent with the high 
phenotypic correlations. The QTLs for NDF on LG7, whether on the female or the male map, 
were always coincident with those for ADF (Table 3-4; Figure 2-3). The QTLs, qNDF-04-fl 
on LG1 and qNDF-04-f3 on LG3 on the female map, and the QTLs, qNDF-Sep-03-ml on 
LG 1, qNDF-04-m2 on LG2, and qNDF-Aug-03-m6 on LG 6 on the male map, were 
colocalized with those QTLs for ADF. But trait specific QTL clusters were also found in this 
study. For example, the QTL on LG 2 near the marker A-EaacMctt-245 and the QTL on 
LG6 near the marker CD01380 on the female map were only associated with NDF, but not 
with ADF. The QTLs for NDF and ADF also coincided in their genomic locations with QTL 
for ADL. For example, the QTLs near the marker of CD0078 on LG 7 on both the female 
map and the male map (Table 3-4; Figure 3-4), affected all three fiber components. Another 
example was the QTL near the marker TF41-204MFB on the male map LG 6 (Table 4; 
Figure 4) that was associated with NDF, ADF and ADL. These coincident QTLs provide the 
genetic evidence for high phenotypic correlation among the fiber components. The common 
QTL could be interpreted as a pleiotropic locus that controls the common sub-fraction of the 
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fiber components, and therefore, results in the concurrent increase or decrease of the 
correlated traits when we select for one trait. 
Overlapped QTLs were also identified between fiber components and crude protein. 
For example, the QTL for CP detected on LG 7 of the male map in the September 2003 
harvest (qCP-Sep-03-m7) was mapped to the similar regions for qNDF-Sep-03-m7, qADF-
Sep-03-m7, and qADL-Sep-03-m7 (Table 4; Figure 4). The QTL for CP on LG 1 on the 
female map, qCP-Aug-03-fl, was another example for the overlapped QTL with NDF, 
qADF-Aug-03-fl (Table 3; Figure3). The negative correlation between fibers and protein 
could come from those common QTLs with opposition effects. Thus, we may reach the 
breeding goal of decreasing the fiber components and increasing crude protein 
simultaneously through selection. 
Most genes for cellulose or hemicellulose are unknown in ryegrass. However, a few 
genes for the lignin biosynthesis pathway, such as ZpCCRl, LpOMTX and LpCAD2, have 
been identified (Heath et al. 1998; Lynch et al. 2002; Mcinnes et al. 2002) and mapped to LG 
7 and LG 2 in the ryegrass PI50/112 genetic map (Cogan et al. 2005). In our study, the major 
QTLs for NDF, ADF, and ADL were primarily detected on these two linkage groups (LG 2 
and LG 7). Moreover, coincident QTLs for NDF and ADF were also found on LG 6 in the 
present study. Although the lignin biosynthetic genes of perennial ryegrass (ZpCCRl, 
ZpOMTl and ZpCAD2) were not mapped to LG 6, their ortholoci from wheat EST were 
mapped to wheat chromosome 6L (Cogan et al. 2005). Comparative mapping indicates that 
wheat 6L is the syntenic counterpart of the corresponding region of ryegrass LG 6 (Jones et 
al. 2002; Sim et al. 2005). This suggests that other members of lignin biosynthesis genes may 
be located on LG 6 (Cogan et al. 2005). 
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The QTLs identified for fiber components and crude protein from our study are 
largely consistent but vary in a few respects from the results reported by Cogan et al. (2005) 
in another ryegrass population. The QTLs for NDF and Est ME (related to ADF) on LG 7 
mapped by Cogan et al (2005) in a perennial ryegrass mapping population coincided with 
QTLs for NDF and ADF in our study. However, we did not find coincident QTL on LGs 3 
and 5 for NDF that was reported by Cogan et al (2005). We found only one individual QTL 
on LG 3 and LG 5 on the female map from the 2004 harvest, respectively. Cogan et al (2005) 
also reported that the coincident QTLs for CP were located on LG3, but only individual 
QTLs were detected in a single experimental dataset on LG1, 2, 4 and 5. In our study, we 
detected coincident QTLs for CP on LG 2, individual QTLs from a single harvest were 
distributed on LGs 1,2,4, 5, and 7. The discrepancy could result from the difference in the 
mapping populations used for mapping. Lubberstedt et al. (1997) reported that QTLs related 
to some forage quality were not consistent among different forage maize populations. 
Many QTLs for NDF, ADF, ADL and CP were identified in forage maize 
(Lubberstedt et al., 1997, 1998; Mechin et al., 2001; Cardinal et al. 2003) and some QTLs are 
known to link to the genes involved in cellulose and lignin biosynthesis (Cardinal et al. 2003). 
Although lack of comparative genomic mapping between maize and ryegrass limits their 
comparison of genetic region, the phenotypic correlation between NDF and ADF and QTL 
clustering for the traits are consistent with the two species. 
Although many coincident QTLs were identified in the current study, we also 
detected a number of variable QTLs for the same trait in different harvests, suggesting the 
presence of QTL x environment variation. The interaction of QTL and environment were 
observed in many studies (Lu et al. 1996; Yadav et al. 2003; Cogan et al. 2005). Coincident 
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QTLs provide relative stability of genetic control, which would overcome the problem 
associated with the interaction of QTL and environment. 
In our study, groups of coincident QTLs were identified on LGs 2, 6 and 7 for NDF, 
LGsl, 2 and 7 for ADF, LGs 6 and 7 for ADL, and LG 2 for CP, respectively. The QTLs on 
LGs 2, 6 and 7 identified for fiber components were co-located on the same LG with several 
lignin biosynthetic genes from perennial ryegrass. The identification of QTLs affecting those 
fiber components and crude protein provides new knowledge about the genetics of 
digestibility of ryegrass and the functionally associated markers related to those QTLs will 
serve as a useful tool for marker-assisted selection for high digestibility of ryegrass. The 
QTL clustering will give information on involved mechanisms and genes of cell-wall 
digestibility. 
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Table 1. Performances of parents, progenies mean and range, and broad sense heritabilities at 
three harvests for neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent 
lignin (ADL), and crude protein (CP) in the annual x perennial ryegrass population. 
Parents Progeny 
Trait (g kg"1 DM) MFA MFB Mean Range Heritability (H2) 
Aug-03 
NDF 440.9 490.7 461.7 412.5 -557.2 0.52 
ADF 216.7 247.6 226.7 196.3 -269.6 0.41 
ADL 15.6 22.8 17.7 13-25.9 0.66 
CP 244.4 248.8 241.2 191.9-273.4 0.59 
Sep-03 
NDF 409.9 423.5 436.1 371.9-514.8 0.46 
ADF 203.3 206.6 212.1 178.9-245.8 0.31 
ADL 15.7 16.9 16.2 12.3-21.3 0.46 
CP 218.8 224.4 203.5 157.1 -258.8 0.47 
Aug-04 
NDF 446.5 465.8 441.8 365.1 -489.8 0.53 
ADF 221.1 243.6 221.8 181.2 -250.5 0.59 
ADL 15 17.6 15.6 11.3-21.1 0.68 
CP 227.5 231.3 240.4 200.8 - 308.1 0.64 
Table 2. Pearson correlation coefficients among neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin 
(ADL), and crude protein (CP) measured at three harvests. One represents the first harvest that was taken in Aug. 2003, two 
represents the second harvest taken in Sep. 2003, and three represents the third harvest taken in Aug. 2004. 
NDF1 ADFl ADL1 CPl NDF2 ADF2 ADL2 CP2 NDF3 ADF3 ADL3 
ADFl 0.864*** 
ADL1 0.740*** 0.647*** 
CPl -0.485*** -0.455*** -0.085ns 
NDF2 0.243*** 0.172** 0.127* -0.042ns 
ADF2 0.051ns 0.113ns -0.092ns -0.031ns 0.717*** 
ADL2 0.264*** 0.263*** 0.454*** 0.101ns 0.558*** 0.268*** 
CP2 0.163** 0.167*** 0.220*** 0.213*** -0.338*** -0.391*** 0.191ns 
NDF3 0.155** 0.160** 0.044ns -0.039ns 0.184** 0.109ns 0.125* 0.096ns 
ADF3 0.223*** 0.262*** 0.094ns -0.039ns 0.112* 0.072ns 0.115* 0.146 ** 0.815*** 
ADL3 0.127ns 0.135* 0.252*** 0.067ns 0.027ns -0.080ns 0.226*** 0.182** 0.581*** 0.454*** 
CP3 -0.032ns -0.026ns 0.127ns 0.147** -0.034ns -0.061ns 0.026ns 0.202*** -0.600*** -0.683*** -0.146** 
ns, *, **, and *** indicate nonsignificant and significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
Table 3. Putative QTLs associated with fiber components and crude protein detected on 
female parental map by simple interval mapping in the annual x perennial ryegrass 
population. 
Maximum 
LOD Phenotypic 
position variance 
Name of QTL§ 
Linkage LOD +/- 1 explained 
Traits1 group score Position Nearest marker unit(cM) by QTL (%) 
NDF qNDF-Aug-03-f7 7 3.05 83 BCD938 68.3-83.9 32.1 
qNDF-Sep-03-fl 1 3.26 27 CD098 25.7-33.9 13.4 
qNDF-Sep-03-f2 2 3.14 20.1 A-EaacMctt-245 10.1-23 21.4 
qNDF-Sep-03-f6 6 3.07 23.3 CDG1380 20.8-33.5 14.9 
qNDF-Sep-03-f7 7 3.8 60.1 G 11.600 57.2-76.8 14.4 
qNDF-04-fl 1 4.0 88.1 CDG202 83.7-103.1 20.1 
qNDF-04-0 3 4.24 61.3 P-EaccMcac-262 55.7-69.9 17.2 
qNDF-04-f5 5 3.10 0 E 14.400 0-10 15.9 
qNDF-04-f7 7 3.17 69 CDG78 65.8-71.8 13.7 
ADF qADF-Aug-03-fl 1 3.19 79.2 CD0346 65.6-113.1 21.0 
qADF-Aug-03-f7 7 3 03 83 BCD938 68.3-83.9 29.5 
qADF-Sep-03-fl 1 3.16 25.1 BCD 1072 19.3-33.9 15.1 
qADF-Sep-03-f7.1 7 3.55 41.5 TF69-188MFA 38.2-43.9 14.5 
qADF-Sep-03-f7.2 7 4.98 57.7 TF19-170 53.5-76.8 20.4 
qADF-04-f 1.1 1 3.08 37 CD0278 30.4-54.2 12.0 
qADF-04-fl.2 1 4.78 88.1 CD0202 69.2-103.1 21.4 
qADF-04-f3.1 3 3.04 62.7 G7.450 50.3-73.6 12.5 
qADF-04-f3.2 3 3 36 83 3 A-EaagMcat-170 82.6-90.6 18.3 
qADF-04-f7 7 3.11 59 BCD782 57.7-71.8 10.1 
ADL qADL-Aug-03-f7 7 3.05 69 CD078 57.7-76.8 13 
CP qCP-Aug-03-fl 1 3.81 74.2 K8.1800 58-88.1 26 8 
qCP-Aug-03-G 2 3.44 87.3 E6.1550 85.3-116 17 
qCP-Sep-03-f2 2 3.07 48.2 F9.800 46.7-67 18.5 
qCP-Sep-03-f4 4 4.25 84.9 CD0795 58.3-92.6 17.8 
qCP-04-f2 2 122 57 CDG405 52-67 15.0 
qCP-04-f5 5 3.21 5 E14.400 0-12.6 18.8 
£NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; and CP, 
crude protein. 
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§The QTL nomenclature followed the rules described by McCouch et al. (1997) in the form 
q-trait-year-female/male map linkage group. When there were more than one QTL for the 
same trait in the same map and same year, then different numbers were added as suffix at the 
end of QTL name to distinguish the QTLs. 
Table 4. Putative QTLs associated with fiber components and crude protein detected on male 
parental map by simple interval mapping in the annual x perennial ryegrass population. 
Traits 
£ Name of QTL§ If
 
LOD 
score Position 
Nearest 
Marker 
Maximum 
LOD 
position +/-
1 unit. 
Phenotypic 
variance 
explained by 
QTL (%) 
NDF qNDF-Aug-03-m 1 1 3.61 32.5 CD0105.2 29.9-33.1 24.3 
qNDF-Aug-03-m2 2 3.05 69.1 BCD1184 56.6-80.7 17.9 
qNDF-Aug-03-m6 6 4.16 90.2 TF41-204MFB 80.2-93.9 41.5 
qNDF-Sep-03-ml 1 3.64 79.6 CD0959 76.9-85 15.1 
qNDF-Sep-03-m6 6 3.27 90.2 TF41-204MFB 80.2-93.9 28.9 
A-EacgMcaa-
qNDF-Sep-03-m7 7 3 98 51.6 352 49.8-63.9 16.6 
qNDF-04-ml 1 3.3 56.2 TF73-240MFB 55-57.1 12.4 
qNDF-04-m2 2 3.38 80.7 TF68-158MFB 76.9-90.7 14.9 
qNDF-04-m6 6 3.75 27.9 CD0400 0-36.9 15.6 
qNDF-04-m7 7 3.12 45.3 BCD782 43.1-53.3 14.7 
ADF qADF-Aug-03-ml 1 167 32.5 CDO 60.4-81.1 33.3 
qADF-Aug-03-m6 6 4.18 90.2 TF41-204MFB 80.2-93.9 47.7 
qADF-Sep-03-ml 1 3.49 79.6 CD0959 76.1-82.9 14.3 
qADF-Sep-03-m2 2 4.27 78.7 RZ69 76.9-94.2 23.1 
A-EacgMcaa-
qADF-Sep-03-m7 7 3.11 51.6 352 49.8-64.4 11.1 
qADF-04-ml.l 1 3.54 56.2 TF73-240MFB 55-57.1 13.7 
qADF-04-ml.2 1 3.14 71.4 TF75-256MFB 67.6-72.9 10.9 
qADF-04-m2 2 3.05 78.7 RZ69 76.9-90.7 16.3 
qADF-04-m6 6 4.2 18.4 CD0534 0-39 19.5 
A-EacgMcaa-
qADF-04-m7 7 3.45 45.8 277 44.2-53.3 16.4 
ADL qADL-Aug-03-m2 2 4.72 99.2 TF23-180MFB 94.2-100.6 45.0 
qADL-Aug-03-m6 6 3.48 90.2 TF41-204MFB 75.2-93.9 24.5 
qADL-Aug-03-m7 7 3.84 49.8 CD078 48.9-60 15.2 
q ADL-Sep-03 -m2 2 3.13 0 CD0667 0-5 22.1 
qADL-Sep-03-m6 6 3.41 90.2 TF41-204MFB 80.2-93.9 37.1 
qADL-Sep-03-m7 7 3.33 60 BCD938 48.1-67.5 18.9 
P-EagcMcat-
qADL-04-m5 5 3.08 34.4 221 19.2-38 14.1 
qADL-04-m6.1 6 3.07 27.9 CD0400 25.4-34.3 11.7 
qADL-04-m6.2 6 3.37 93 9 TF41-198 80.2-93.9 17.2 
CP qCP-Aug-03-ml 1 5.02 47.5 Flourescence 45.2-49.2 22.1 
A-EagcMcat-
qCP-Aug-03-m2.1 2 3.82 42 193 41.4-43.1 22.2 
qCP-Aug-03-m2.2 2 3.87 67.6 TF30-191MFB 59.3-76.6 21.4 
A-EaccMcta-
qCP-Sep-03-m2 2 4.66 21.2 376 17.5-38.4 20.8 
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Table 4. (Continued) 
Maximum Phenotypic 
LOD variance 
Traits Linkage LOD Nearest position +/- explained by 
£ Name of QTL§ group score Position Marker 1 unit. QTL (%) 
CP qCP-Sep-03-m4 4 5.05 51.1 CD0795 43.1-70.1 19.7 
A-EagcMctg-
qCP-Sep-03-m7 7 123 57.9 435 54.2-60 18.5 
qCP-04-m2 2 3.51 34.6 RZ395 21.2-38.4 14.1 
qCP-04-m5 5 3.78 13.4 *K9.1800 1.6-27.2 25.1 
£NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; and CP, 
crude protein. 
§The QTL nomenclature followed the rules described by McCouch et al. (1997) in the form 
q-trait-year-female/male map linkage group. When there were more than one QTL for the 
same trait in the same map and same year, then different numbers were added as suffix at the 
end of QTL name to distinguish the QTLs. 
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Figure captions 
Figure 1. Phenotypic distribution for neutral detergent fiber (A), acid detergent fiber (B), 
acid detergent lignin (C), and crude protein (D) at three harvests. The first, second, and third 
harvests were taken in Aug., Sep. 2003, and Aug. 2004, respectively. The means of the 
parents (MFA and MFB) are indicated by arrows. 
Figure 2. Female parental map of the annual x perennial ryegrass showing QTLs for four 
traits at three harvests over seven linkage groups (LGs). The QTLs for the four traits detected 
by simple interval mapping of MapQTL are given on the right side of each LG. The neutral 
detergent fiber (NDF) was indicated by white bars, acid detergent fiber (ADF) by black bars, 
acid detergent lignin (ADL) by hatched bars, and crude proteins (CP) by stripped cross bars. 
Bar length represents a LOD drop of one unit from maximum likelihood position. The three 
harvests were taken in Aug., Sep., 2003, and Aug. 2004, respectively. 
Figure 3. Male parental map of the annual x perennial ryegrass showing QTLs for four traits 
at three harvests over seven linkage groups (LGs). The QTLs for the four traits detected by 
simple interval mapping of MapQTL are given on the right side of each LG. The neutral 
detergent fiber (NDF) was indicated by white bars, acid detergent fiber (ADF) by black bars, 
acid detergent lignin (ADL) by hatched bars, and crude proteins (CP) by stripped cross bars. 
Bar length represents a LOD drop of one unit from maximum likelihood position. The three 
harvests were taken in Aug., Sep., 2003, and Aug. 2004, respectively. 
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CHAPTER 4. ISOLATION AND FUNCTIONAL ANALYSIS OF THE LPCBF3 
GENE THAT ENCODES A DREB/CBF-LIKE PROTEIN IN PERENNIAL 
RYEGRASS (LOLIUM PERENNE L.) 
A paper to be submitted to Molecular Genetics and Genomics 
Yanwen Xiong1 and Shui-Zhang Fei1,2 
'Department of Horticulture; interdepartmental Plant Physiology and Molecular Biology, 
Iowa State University, Ames, IA 50011 USA 
Abstract 
The dehydration-responsive element binding proteins (DREB1 )/C-repeat (CRT) binding 
factors (CBF) function as transcription factors and bind to the DRE/CRT co-acting element 
(core motif: G/ACCGAC) commonly present in cold-regulated (COR) genes and 
subsequently upregulate the expression of such genes in Arabidopsis. We identified a 
DREB1A/CBF3-Iike gene, designated LpCBF3, from perennial ryegrass by using RT-PCR 
and RACE (rapid amplification of cDNA end). The LpCBF3 gene has an open reading frame 
of 233 amino acids and contains all the conserved domains known to exist in other CBF 
genes. Similar to other DREB1A/CBF3 homologs, expression of the LpCBF3 is inducible by 
cold stress, but not by abscissic acid (ABA), drought, or salinity. Overexpression of the 
LpCBF3 gene in Arabidopsis induced expression of the Arabidopsis DREB1A/CBF3 target 
COR genes, cor 15a and rd29a, without cold acclimation. Leaves of the transgenic plants 
exhibited significantly reduced ion leakage, an indication of enhanced freezing tolerance. 
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Our data demonstrated that LpCBF3 not only resembles DREB/CBF genes in Arabidopsis, 
but is also capable of functioning as a transcriptional regulator in Arabidopsis, a species 
distant to the grass family. 
Keywords Cold acclimation • Freezing tolerance • Loliumperenne L.- Transgenic 
Arabidopsis 
Abbreviations ABA, abscissic acid; AP2, APETALA2; CaMV35S, cauliflower mosaic virus 
35S; CBF, C- repeat binding factor; COR, cold regulated; DRE, dehydration responsive 
element; ERF, ethylene-responsive element binding factor; EST, expressed sequence tag; 
NLS, nuclear localization signal; RACE, rapid amplification of cDNA end; UTR, 
untranslated region. 
Introduction 
Perennial ryegrass (Lolium perenne L.) is used extensively as both turf and forage in Europe 
and North America. However, its poor ability to survive in severe winters (Gusta, 1980) 
limits its distribution in the far northern areas. Thus, improving winter hardiness is an 
important goal in perennial ryegrass breeding programs. Freezing tolerance is a major 
component of winter hardiness (Humphreys, 1989). Many plants originating from temperate 
regions can dramatically increase their freezing tolerance after they are exposed to non-
freezing low temperatures, a phenomenon called cold-acclimation (Thomashow, 1999). It has 
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been demonstrated that cold acclimation is related to the expression of many cold regulated 
(COR) genes (Thomashow, 1998; Thomashow, 1999). A C-repeat /dehydration-responsive 
element (CRT/DRE) (core motif: G/ACCGAC) is present in the promoters of many COR 
genes (AtCORIS, AtCOR78/rd29A, KIN1 and COR6.6) (Horvath et al., 1993; Baker et al., 
1994; Wang et al., 1995). In Arabidopsis, a family of transcription factors that binds to the 
CRT/DRE promoter region has been identified and designated as CBF (CRT/DRE binding 
factor) genes (CBF1, 2, and 3 or DREB1B, 1C, and 1A) (Stockinger et al., 1997; Gilmour et 
al., 1998; Liu et al., 1998; Kasuga et al., 1999; Medina et al., 1999). These genes can activate 
the expression of COR genes and thus are important components of the cold acclimation 
pathway and may function as "Master Switches" that trigger a signal transduction cascade 
leading to enhanced freezing tolerance and other stress tolerance (Thomashow, 2001). Indeed, 
overexpression of Arabidopsis CBF1 and CBF3 leads to constitutive expression of COR 
genes and enhanced freezing tolerance in Arabidopsis (Jaglo-Ottosen et al., 1998; Kasuga et 
al., 1999; Gilmour et al., 2000). 
DREB/CBF genes are conserved in flowering plants (Jaglo et al., 2001). Homologs of 
Arabidopsis CBF genes have been identified and characterized in a number of species 
including maize, rice, barley, wheat, rye, tomato and rapeseed (Jaglo et al., 2001; Choi et al., 
2002; Gao et al., 2002; Dubouzet et al., 2003; Qin et al., 2004; Zhang et al., 2004), regardless 
whether the plant species from which CBF genes are isolated are capable of cold-acclimation 
or not. Recently, more DREB/CBF-like genes have been identified from soybean (Li et al., 
2005), wheat (Shen et al., 2003), and oat (Brautigam et al., 2005). All known DREB/CBF 
homologs contain an AP2/ERF(APETALA2 / ethylene-responsive element binding factor) 
DNA-binding motif and are classified into AP2/ERF family (Sakuma et al., 2002). 
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Arabidopsis has 145 DREB/ERF related proteins belonging to the AP2/ERF family, which 
can be divided further into five subfamilies (Sakuma et al., 2002). A total of six Arabidopsis 
CBF homologs were classified into the A-l group of the DREB subfamily (Sakuma et al., 
2002). Two conserved amino acid sequences, PKK/RPAGRxKFxETRHP and DSAWR, that 
immediately precede and follow the AP2 domain, respectively, are present in all the six CBF 
homologs and are defined as the CBF signature sequences (Jaglo et al., 2001). Functions of 
these six Arabidopsis CBF homologs, however, are divergent with CBF1, 2, and 3 being 
related to cold tolerance, CBF4 being involved in drought resistance (Haake et al., 2002), and 
DDF1 and DDF2 being involved in the regulation of gibberellin biosynthesis and high-
salinity tolerance (Magome et al., 2004). 
Many DREB/CBF homologs, such as Arabidopsis CBF1, 2, and 3 (Medina et al., 
1999), rice DREB 1A and DREB IB (Dubouzet et al., 2003), and tomato CBF1 (Zhang et al., 
2004) are induced rapidly by low temperatures. CBF homologs expression can also be 
induced by additional stresses such as drought, high salinity or ABA treatment (Haake et al., 
2002; Knight et al., 2004; Magome et al., 2004). On the contrary, some other homologs such 
as OsDREBIC (Dubouzet et al., 2003) and HvCBF2 (Xue, 2003) have been reported to be 
constitutively expressed. Interestingly, even freeze sensitive plants that apparently lack cold-
acclimation capability such as rice, maize and tomato all seem to have multiple CBF 
homologs. For example, three CBF homologs have been identified in tomato, although two 
of the them, LeCBF2 and LeCBF3 are not responsive to either cold, drought, high salinity or 
ABA treatment (Zhang et al., 2004). Overexpression of LeCBFl, OsDREBl A and 
ZmDREBl A in Arabidopsis increased the freezing tolerance of transgenic plants (Dubouzet 
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et al., 2003; Zhang et al., 2004; Qin et al., 2004), indicating that at least some of the CBF 
homologs in tomato, rice, or maize have similar function as the Arabidopsis CBF genes. 
In the present study, we identified and characterized a CBF gene in perennial ryegrass. 
Domain structure and phylogenetic analysis demonstrated that it is the ortholog of 
OsDREB 1A/CBF3 and we designated it as LpCBF3. Northern analysis revealed that 
LpCBF3 is induced by cold treatment but not by ABA, drought, or salinity treatments. 
Overexpression of LpCBF3 gene in Arabidopsis enhanced freezing tolerance of the 
transgenic plants without cold acclimation. This study may allow us to improve winter 
hardiness of perennial ryegrass in the near future by overexpressing the LpCBF3 gene. 
Materials and Methods 
Plant growth conditions, stress treatments and RNA extraction 
Arabidopsis seeds (ecotype: Columbia) were soaked in water at 4 °C for 4 days before being 
sown into the soil and grown at 20 - 22 °C in a controlled growth chamber with 16 h cool-
white fluorescent illumination at approximately 100 pmol m 2 s"1 light intensity and 8 h 
darkness. Perennial ryegrass (cultivar: Caddyshack) were clonally propagated and maintained 
in a research greenhouse at 20- 21°C. Various stress treatments were applied to the perennial 
ryegrass plants. For low-temperature stress treatment, the plants were removed from the 
greenhouse to a 4°C cold room. Plant leaves were collected at 0.25, 0.5, 1, 2, 4, 8, 12, 24 h 
after cold treatment. For ABA treatment, the plants were sprayed with a lOOpM ABA 
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solution plus 0.05 % (v/v) Tween 20. Plant leaves were collected at 0.25, 0.5, 1, 2, 4, 8, 12, 
and 24 h after the treatment. For salinity treatment, plants were irrigated with a 200 ml 1M 
NaCl solution everyday. Plant leaves were collected at 0.25, 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 
and 96 h after treatment. For drought treatment, plants were withheld from water for 2, 3,4, 5, 
6 and 7d and plant leaves were taken after 0.25, 0.5, 1, 2, 4, 8, 12, 24 h, 2d, and 3d until 7d. 
All plant materials were frozen immediately in liquid nitrogen and stored at -80 °C. Total 
RNA was extracted from plant materials by using Trizol® reagent (Invitrogen, CA, USA) 
according to manufacture's protocol. RNA was dissolved in DEPC-treated H2O and stored at 
-20 °C. 
Isolation of the LpCBF3 gene from perennial ryegrass by RT-PCR and 5' and 3' RACE 
To isolate the CBF gene in perennial ryegrass, degenerate primers were designed based on 
the conserved AP2 domain and the 3'end region from all known monocot CBF genes. The 
primer sequences were as follows: forward primer, 5'GGC CGG CNG GNM GNA CCA 3'; 
reverse primer, 5' CGC SAR GCT SGC GTA GTA 3', where N denotes any nucleotide, M 
denotes A or C, S denotes C or G, and R denotes A or G. Total RNA was extracted from 
leaves of perennial ryegrass that were treated at 4 °C for 2 h by using Trizol® reagent 
(Invitrogen, CA, USA) and was treated by RNAase-free DNAase according to the 
manufacturer's protocol (Invitrogen, CA, USA). One microgram treated RNA was then used 
for first strand synthesis and PCR according to the manufacturer's protocol (Invitrogen, CA, 
USA). The annealing temperature for PCR was 54°C. PCR products were cloned by the 
TOPO TA Cloning kit (Invitrogen, CA, USA) and sequenced at the DNA Synthesis and 
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Sequencing facility at the Iowa State University. Specific primers were then designed for 
RACE (Rapid Amplification of cDNA End) according to the sequence information of the 
partial cDNA fragment to obtain the full length sequence of the gene. For 5' RACE, two 
antisense gene-specific primers (GSP) were designed (GSPl, 5'GTC CTC CTC GCC CAG 
TGC 3', and GSP2, AGG CTG CGG TAG GAG GAT GC 3'). Primers for 3' RACE were: 
GSPl, 5' TCC GCT GAG CTG CTC GAC AT 3% and GSP2, TCG AGC TGG ACG TAC 
CTA AG 3'. The RACE reactions were performed according to the manufacturer's protocol 
(Invitrogen, CA, USA). The RACE products were cloned and sequenced. A single full-length 
cDNA sequence was obtained by combining the 5'-RACE fragment, cDNA fragment and the 
3'-RACE fragment. A pair of primers (forward primer, 5' TAC TGA GAT TGG GCT GAT 
3' and reverse primer, 5' CAC ATC ACA TAA CCA GAA A3') were then designed from 
the putative 5' and 3' untranslated region (UTR) of the full-length cDNA sequence to be 
used as gene specific primers in gene expression studies. 
Computational identification of DREB/CBF genes in rice, maize, poplar and pine, 
sequence alignment and phylogenetic analysis 
The LpCBF3 protein sequence was used to search additional CBF homologs for rice, maize 
and poplar from the following database: rice at the OsGDB BLAST server 
(http://www.plantgdb.org/OsGDB-cgi/blastGDB.pn; maize at the PlantGDB BLAST sever 
(http://www.plantgdb.org/PlantGDB-cgi/blast/PlantGDBblast): poplar at the poplar whole 
genome shortgun sequence assembly (GSS) at the web sever http://genome.igi-psf.org/cgi-
bin/runAlignment?db=Poptrl&advanced=l : Currently available EST (Expressed Sequence 
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Tag) sequences from pine were also searched using tblastn at the PlantGDB BLAST sever. 
The maize and pine hits were translated to protein sequence by the NCBI-ORF (Open 
Reading Frame) finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and only full-length 
proteins with over 200 amino acids were considered. Annotated proteins with a hit region 
were regarded as candidate homologs. All the candidate homologs were searched against 
Arabidopsis proteins at the AtGDB BLAST sever (http://www.plantgdb.org/AtGDB-
cgi/blastGDB.pH and only those with the best BLAST hits to one of the six Arabidopsis CBF 
genes (Sakuma et al., 2002) were considered to be CBF homologs. Best hits were defined as 
the first and any subsequent hits with an e-value similar to that of the first hit (difference of 
the e-values between them to be less than le"10) in the BLAST results. 
Multiple sequence alignments were generated with ClustalW at the EBI ClustalW 
sever (http://www.ebi.ac.uk/clustalw/) using default parameters (Thompson et al., 1994). The 
alignments were visualized using the BioEdit program (version 5.0.9 
http://www.mbio.ncsu.edu/BioEdit/bioedit.htmn. MEGA software was used for phylogenetic 
analysis [version 2.1: http://www.megasoftware.net/ (Kumar et al., 2001)]. The phylogenetic 
tree was constructed using the neighbor-joining method with bootstrap test. All parameters 
used were default. 
Northern blot analysis 
The 3'end of the cDNA for the LpCBF3 gene was used as a probe and was labeled with P32 
by random priming (Invitrogen, CA, USA) for Northern blot. The probe was made by PCR 
(forward primer, 5' CTC CGC TGA GCT GCT CGA C 3' and reverse primer, 5' CAC ATC 
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AC A TA A CCA GAA AC 3') and verified by sequencing. Total RNA was extracted by 
using Trizol® reagent (Invitrogen, CA, USA) and 10 (j,g of each total RNA was 
electrophoresed in a 1.2 % formaldehyde agarose gel and transferred to a Hybond nylon 
membrane. Membranes were hybridized according to the manufacturer's protocol 
(Amersham, Piscataway, NJ) and washed in 2xSSC and 0.1% SDS once at room temperature, 
1 xSSC and 0.1% SDS twice at 65°C, and 0.1 xSSC and 0.1% SDS twice at 65°C, 
respectively. 
Overexpression vector construction, Arabidopsis transformation and freezing tolerance 
test 
Overexpression vector was constructed based on a binary vector pMDC43 (Curtis and 
Grossniklaus, 2003). The open reading frame (ORF) of the LpCBF3 gene was amplified by 
PCR using primers (forward, 5' CAC CAT GTG TCA AAT CAA GAA GGA GA 3' and 
reverse, 5' GCT CAG GTA GCT CCA GAG T 3' ) and cloned using pENTR TOPO 
directional cloning kit (Invitrogen, CA, USA). The LpCBF3 ORF was then inserted from 
pENTR into the pMDC43 vector using a LR reaction kit (Invitrogen, CA, USA). The 
overexpression vector and the original pMDC43 vector were transformed into Agrobacterium 
tumefaciens strain C58 by electroporation methods. Six-week old Arabidopsis ecotype 
Columbia plants were transformed by the Agrobacterium using the floral dip method (Weigel 
and Glazebrook, 2002). Seeds were screened at 0.8 % selection medium containing 50|ig/ml 
hygromycin for seven days, and were then transferred to a 1.5 % selection medium for 
another seven days. Resistant plants were transferred to soil and analyzed further. Positive To 
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plants were self-pollinated and Ti seeds were collected. Individual T, plants were tested for 
expression of LpCBF3 by RT-PCR. The T, plants expressing LpCBF3 gene were self-
pollinated to produce T2 generation which was used for further analysis. 
Freezing tolerance tests were performed by measuring electrolyte leakage essentially 
as described (Jaglo-Ottosen et al., 1998) with modifications. Four-week old wild type 
Arabidopsis, wild type Arabidopsis carrying the vector pMDC43, and LpCBF3 transgenic 
plants were either cold-acclimated at 4 °C for 10 days, or maintained at a growth chamber at 
20 - 22 °C as the non-cold acclimated control. Four leaves from non-cold acclimated or cold-
acclimated plants were removed from each plant and placed in a test tube and submerged for 
1 h in a -2 °C bath containing water and ethylene glycol in a completely randomized design, 
after which ice chips were added to initiate ice-nucleation. After an additional hour of 
incubation at -2 °C, the temperature was lowered at a rate of 1 °C per h until it has reached -6 
°C. Then the samples (five replicates) were taken out and thawed on ice overnight followed 
by an incubation in 5 ml distilled water and infiltration of 3 times with 3min for each at 
0.1 atmosphere (10 kPa) by using a vacuum pump and shaking horizontally for 1 h at 220 rpm. 
Initial electronic conductivity was measured for each sample with a conductivity meter 
(PH/CONSIO series, Oaklon, Singapore). Total conductivity for each sample was determined 
after autoclaving the samples at 121 °C for 20min. The electrolyte leakage at -6 °C was 
expressed as the percentage of the initial conductivity divided by the total conductivity and 
was used to evaluate the freezing tolerance of both the wild type and the transgenic plants. 
Results 
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Isolation of a CBF-like gene in perennial ryegrass 
A 456-bp cDNA fragment was isolated from leaves of perennial ryegrass plants that were 
treated at 4 °C for 2 h by RT-PCR. To obtain a full length cDNA, 5' and 3' RACE were 
employed to extend to both ends of the putative CBF homolog. By using this method, we 
obtained a 942 bp full-length cDNA sequence with a polyA tail. This cDNA contains an open 
reading frame of 223 amino acids. Genomic PCR using primers designed from the 5' and 3' 
UTR and the subsequent sequencing of the PCR product revealed that the gene has no introns. 
Sequence alignment showed that the structure of the isolated gene is similar to the CBF 
genes reported in other species and phylogenetic analysis revealed that the gene is a ortholog 
of rice CBF3 (see below). We designated the gene as LpCBF3. The complete sequence of the 
gene has been deposited into the GenBank (Accession: AY960831). 
LpCBF3 protein is 66 % identical to the rice CBF3 protein (OsDREBl A/CBF3) and 
48 % to the barley CBF3 protein (HvCBF3). As shown in Fig. 1, LpCBF3 protein had a 
conserved AP2 DNA binding domain similar to other CBF proteins. The CBF signature 
sequences (PKK/RPAGRxKFxETRHP and DSAWR, located immediately before and after 
the AP2 domain respectively) (Jaglo, 2001) were also conserved in the LpCBF3 protein. 
However, the LpCBF3 protein has DSAEL instead of DSAWR. Two CBF homologs at the 
GenBank, one from barley HvCBF6 (accession AAX23701) and the other from wheat 
TaCBF6 (accession AAX28964) also have DSAEL in place of DSAWR, indicating that the 
DSAEL may be a functional equivalent of DSAWR. The C-terminal LWSY motif (Dubouzet, 
2003) was conserved in the LpCBF3 protein as well. In addition to the known motifs, we 
81 
identified two additional putative domains conserved in most plant CBF homologs. One 
domain is located downstream of the DSAWR motif. The consensus sequence of this domain 
is A_(A/V)xxA(A/V)xxF, with the underlined residues conserved in all known CBF 
homologs. The other domain is located at upstream of LWSY motif, with a consensus 
sequence of (L/Y)(L/Y)x(N/S)(M/L)A(E/Q)G(M/L)(L/M)xxPP. Interestingly, the CBF 
homologs from eudicot plants all have LLxNM at the beginning of the domain, while the 
monocot CBF homologs all have YYxSL instead. There are six more sites distinguishing 
monocot and eudicot CBF homologs, as indicated in Fig. 1. 
Phylogenetic analysis of DREB/CBF gene in plants 
Because the LpCBF3 has a higher identity score to OsDREBl A/CBF3 (66%) than to 
HvCBF3 (48%), we consider that LpCBF3 is the ortholog of OsDREBl A/CBF3 but not of 
HvCBF3. To understand the evolutionary relationship of the plant CBF homologs, we did a 
comprehensive search from the literature and the GenBank database. As shown in Table 1, a 
total of 41 DREB1/CBF homologs have been reported for 14 plant species. For comparison 
purpose, we also included seven genes and six GenBank entries that are closely related to 
DREB/CBF homologs as outgroups. In the present study, we identified 18 additional CBF 
homologs from genomic and/or EST sequences of rice, maize, poplar, and loblolly pine by 
BLAST search (Table 2). A phylogenetic tree based on the 72 DREB homologs was shown 
in Fig. 2. Consistent with a previous classification (Sakuma et al., 2002), the DREB family 
contains six subgroups, namely A1-A6. We propose here to name the A1 subgroup as CBF 
family. Nearly all known DREB1/CBF genes (a total of 54) were classified into this 
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subgroup. The four soybean DREB homologs were classified into the A5, A6, and A2 
subgroups and one wheat TaDREBl was classified into the A2 subgroup, indicating that their 
functions may be distinct from that of other DREB1/CBF genes. 
The CBF family is further divided into monocot and eudicot subfamilies. In the 
monocot subfamily, 32 homologs were grouped into three clades, represented by 
OsDREBlA/CBF3, OsDREBlB/CBFl, and OsDREBlC/CBF2, respectively. We named the 
three clades CBF3, CBF1, and CBF2 accordingly. Three to four subclades were recognized 
in the CBF2 and CBF3 clades, with each subclade except for CBF2-2a containing at least one 
homolog from rice and another from other species. The CBF2-2a subclade shown here 
contains only a single rice homolog (OsDREBlC). But based on a report published recently 
(Skinner et al., 2005), three additional GenBank entries, HvCBF5 (AAX23698) from barley, 
TaCBFS (AAX28963) from wheat, and SbCBFS (AAX28959) from sorghum, all have 
approximately 70% identity to OsDREBlC and would have been classified into the CBF2-2a 
subclade if they were included in the phylogenetic tree. The existence of multiple subclades 
within each clade suggests that CBF gene was duplicated multiple times during speciation 
from the common monocot ancestor. This is supported by the fact that OsDREBl A/CBF3 
(L0c_0s09g35030), OsDREBlB/CBFl (L0c_0s09g35010), and OsCBFPl 
(LOC_OsQ9g35020) are adjacent to each other on a chromosome and OsCBFP2 
(L0c_0s08g43210) and OsCBFP3 (LOC 0s08g43200) are adjacent to each other as well. 
The LpCBF3 is located in the subclade CBF3-3a together with OsDREBl A/CBF3, HvCBF6, 
and TaCBF6, while HvCBF3 and ZmCBF3 are located in the CBF3-3c subclade together 
with OsCBFPl. This classification further supported our hypothesis that LpCBF3 is the 
ortholog of OsDREBl A/CBF3 (and HvCBF6 and TaCBF6) but not of HvCBF3. 
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Intriguingly, in the eudicot subfamily CBF homologs were clustered according to 
taxonomic division. For instance, homologs from tomato and pepper were classified in the 
nightshade clade, while homologs from Arabidopsis and rapeseed were in the mustard clade. 
Two putative CBF homologs from poplar were also in a separate willow clade. Although 
clustered in the same clade, CBF homologs from Arabidopsis and rapeseed are divided into 
separate subclades, with Arabidopsis CBFl, 2, and 3 in one subclade and the rapeseed CBF 
homologs in another. This topology suggests that the duplications of CBF homologs in 
eudicot plants are independent events. Therefore, the three tomato homologs may not 
correspondingly be the orthologs of the three Arabidopsis homologs, although they are all 
present in tandem array on a chromosome. This has been proven to be the case. Among the 
three tomato homologs, only LeCBFl is cold inducible (Zhang et al., 2004), while all the 
three Arabidopsis homologs (CBFl, 2, and 3) are induced by low temperatures (Gilmour et 
al., 1998; Medina et al., 1999). 
LpCBF3 expression pattern in perennial ryegrass 
Expression pattern of the LpCBF3 in response to various stresses was analyzed by Northern 
blot. The 3'end region of the LpCBF3 gene was used as a probe for Northern analysis. As 
shown in Fig. 3, the transcript of the LpCBF3 gene was induced within 15 min and reached a 
peak at 2 h after exposure to cold treatment and decreased gradually thereafter. Northern 
analysis did not detect any LpCBF3 transcripts after 8 h exposure to cold stress. The more 
sensitive RT-PCR, however detected a low level of expression of the LpCBF3 transcripts 
after 8 h exposure, but no transcripts were detected thereafter (data not shown). Similar to the 
84 
Arabidopsis DREB1A/CBF3 genes, the LpCBF3 gene was not responsive to other stresses 
including ABA, drought, or salinity (Fig. 3). Interestingly, the expression pattern of LpCBF3 
is more similar to Arabidopsis homologs than to the rice and maize homologs, OsDREBl A 
and ZmDREBl A which are induced by cold within 40 min and 60 min, respectively, and 
remain detectable even at 24 h after exposure to cold stress (Dubouzet et al., 2003; Qin et al., 
2004). In addition, the OsDREBl A can also be induced at 5 h after salinity treatment 
(Dubouzet et al., 2003). The difference between the expression pattern of LpCBF3 and 
OsDREBl A/CBF3 reflects that the regulation of this ortholog pairs is differentiated between 
perennial ryegrass, and rice which does not cold acclimate. 
Overexpression of LpCBF3 gene on freezing tolerance and target gene expression in 
Arabidopsis 
To determine the function of the LpCBF3 gene, we overexpressed the ORF of the LpCBF3 
driven by a cauliflower mosaic virus 35S (CaMV35S) promoter in Arabidopsis. We also 
overexpressed the binary vector pMDC43 in Arabidopsis as a control. We used RT-PCR to 
examine the expression of the LpCBF3 in transgenic Arabidopsis as well as in the wild type. 
Ten transgenic plants were obtained and two of them expressed LpCBF3 constitutively. Two 
T2 lines, 35S:LpCBF3-10 and 35S:LpCBF3-l 1 were obtained from two primary transgenic 
plants, respectively, and were used for further analysis. Growth of the 35S:LpCBF3 
transgenic plants was compared with that of control plants seven weeks after sowing the 
seeds (Fig.4). The transgenic plants displayed growth retardation compared with control 
plants under normal growth conditions. 
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Freezing tolerance test was conducted to evaluate the effect of overexpression of the 
LpCBF3 on transgenic Arabidopsis plants. The freezing tolerance of the transgenic plants 
was compared with that of the control plants under both non-cold acclimated and cold 
acclimated conditions. Under non-cold acclimated conditions, the transgenic plants had 
significantly lower ion leakage with the 35S:LpCBF3-10 and 35S:LpCBF3-l 1 having 68.6% 
± 2.5% and 62.0% ± 2.2% ion leakage, respectively, compared with the wild type and 
pMDC43 vector plants which had 87.5% ± 4.1% and 88.1% ± 3.1% ion leakage at -6°C 
freezing temperature (Fig. 5). These results demonstrated that the transgenic plants had 
significantly higher freezing tolerance than control plants under normal growth conditions. 
After cold-acclimation for 10 days at 4°C, however, all plants showed less ion leakage 
compared with that in non-cold acclimated conditions. This indicated improved freezing 
tolerance after cold-acclimation. However, the freezing tolerance of the transgenic plants was 
no longer significantly different from that of the control plants (Fig.5). This result indicated 
that overespression of the LpCBF3 gene in Arabidopsis enhanced freezing tolerance of 
transgenic plants under non-cold acclimated, but not under cold acclimated conditions. 
The corl5A and rd29A genes are the target genes of the endogenous 
AtDREBl A/CBF3 in Arabidopsis and are induced by low temperatures (Kasuga et al., 1999; 
Seki et al., 2001; Maruyama et al., 2004). To investigate whether overexpression of LpCBF3 
gene in Arabidopsis can activate the expression of the target genes of the endogenous 
AtDREBl A/CBF3 under normal growth conditions, we examined the expression of the 
corlSA and rd29A genes in the transgenic 35S:LpCBF3-10 and 35S:LpCBF3-l 1 plants and 
the control plants (wild type and wild type carrying pMDC43 vector) under both normal 
growth conditions and cold acclimated conditions by using RT-PCR. As shown in Fig.6, the 
86 
corl5A and rd29A genes were strongly expressed in the transgenic plants under normal 
growth conditions but were not expressed in the control plants. After the plants were exposed 
to cold stress, we detected the expression of the corlSA and rd29A in both transgenic and 
control plants. This result indicated that the LpCBF3 gene functions in cold-responsive 
signaling pathway in Arabidopsis. The LpCBF3 gene was constitutively expressed but the 
level of expression was stronger in the transgenic Arabidopsis plants exposed to low 
temperatures than normal growth conditions. 
Discussion 
We identified a DREB1A/CBF3-Iike gene (LpCBF3) from perennial ryegrass and 
demonstrated that it is a functional CBF gene by overexpression assays in Arabidopsis. The 
freezing tolerance of transgenic Arabidopsis plants is significantly increased compared with 
wild type plants under normal growth conditions. Similar to the rice and maize CBF genes 
(Dubouzet et al., 2003; Qin et al., 2004), overexpression of LpCBF3 also caused a delayed 
flowering phenotype in transgenic Arabidopsis plants. Overexpression of a functional CBF 
gene in plants other than Arabidopsis, however, has different effects. For example, 
overexpression of Arabidopsis CBF genes can enhance freezing tolerance in Brassica napus 
(Jaglo et al., 2001) and tobacco (Kasuga et al., 2004) but not in tomato (Zhang et al., 2004) or 
rice (Oh et al., 2005). It seems that most plants have conserved functional CBF genes, but not 
all plants have a functional CBF regulon. Freeze-sensitive plants such as tomato and rice all 
have functional CBF homologs, but constitutive expression of the CBF genes did not 
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increase freezing tolerance in these species due to the lack of a functional regulon (Zhang et 
al., 2004). 
In our transgenic plants, the LpCBF3 gene is constitutively expressed in both non-
acclimated and cold-acclimated conditions, with a much higher accumulation level of 
LpCBF3 transcripts in cold-acclimated plants. Similar phenomena was observed in tobacco 
plants constitutively expressing Arabidopsis CBF genes (Kasuga et al., 2004). Because the 
promoter for LpCBF3 gene in the transgenic construct is CaMV35S, which is not inducible 
by cold treatment, it is likely that cold treatment increased the stability of LpCBF3 transcripts. 
Under normal growth conditions, LpCBF3 is constitutively expressed, but most LpCBF3 
transcripts are likely degraded (yet detectable). Cold treatment may block the CBF 
degradation pathways and therefore a high level of the LpCBF3 transcripts was detected in 
cold treated plants. If this is the case, then the degradation pathway would be another level of 
regulation on CBF gene expression. Cold acclimation promotes the transcription of CBF 
genes as well as blocks the degradation of CBF transcripts. It would be of great interest to 
explore further whether there is such a degradation pathway for CBF genes. 
Phylogenetic analysis revealed that the LpCBF3 and the rice OsDREBlA/CBF3 are 
orthologs, while ZmDREBIA and HvCBF3 may not be orthologs. We searched extensively 
the currently available CBF genes and identified a total of 18 additional DREB/CBF 
homologs from rice, maize, poplar, and pine. Interestingly, all monocot CBF homologs were 
separated from eudicot CBF homologs in the phylogenetic tree. This topology indicated that 
the ancestral CBF gene was duplicated independently in monocot and eudicot lineages. If this 
is the case, we would expect that the functions of some of the CBF genes in monocot plants 
might be very different from those in eudicot plants such as Arabidopsis. Among the 6 
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Arabidopsis CBF genes, it appears that only CBFl, 2, and 3 function in cold-acclimation 
pathway with somewhat redundant functions (Gilmour et al., 2004). A recent study reported 
that CBF2 gene can negatively regulate CBFl and CBF3 genes (Novillo et al., 2004). The 
functional divergence of the CBF genes in Arabidopsis is not likely the same as in rice and 
other monocot plants. 
Tandem duplications of CBF genes have been identified in Arabidopsis (Medina et al., 
1999), tomato (Zhang et al., 2004), rice and poplar. For example, in rice (OsDREBl A, 
OsDREBlB, and OsCBFPl), Arabidopsis (AtCBFl, 2, and 3), and tomato (LeCBFl, 2, and 
3), all three CBF genes within each species are arranged in a tandem array on a chromosome. 
In addition, both rice (OsCBFP2 and OsCBFP3) and poplar (PoplarCBFPl and 
PoplarCBFP2) have two additional CBF genes arranged tandemly. It seems that tandem array 
of CBF genes was an ancient form, which is not consistent with the topology of the 
phylogenetic tree. We propose that the tandem duplications of CBF genes are independent 
events in different species. It might be possible that the CBF gene is a hot spot for tandem 
duplication, thus several species have the tandem array of CBF genes. 
Compared with Arabidopsis, monocot plants, whether freezing tolerant or not, seem 
to have a larger CBF gene family. Freezing tolerant plant such as barley and wheat have a 
rather large CBF family containing more than 20 genes (Skinner et al., 2005). Cold sensitive 
rice also has nine CBF genes as revealed in this study. The expansion of the CBF family 
suggests that CBF genes may play important functions other than cold response. Some 
eudicot plants such as rapeseed also have a large CBF family. Six homologs closely related 
to AtCBFl, 1, and 3 have been identified so far from rapeseed (Jaglo et al., 2001 ; Gao et al., 
2002), it is likely that there will be some other homologs closely related to AtDDFl or 
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AtCBF4. Because most CBF genes have functions related to cold acclimation and freezing 
tolerance, we expect that plants with cold-acclimation will be likely to maintain more copies 
of the CBF genes than cold-sensitive plants. If this is the case, we would expect to see a 
relative large size CBF family in perennial ryegrass as it has cold acclimation and requires 
vernalization before flowering. 
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Table 1 Published plant DREB/CBF homologs from 14 species including Arabidopsis, 
shepherd's purse, rapesee, tomato, hot pepper, sweet cherry, soybean, perennial ryegrass (this 
study), rice, wheat, barley, rye, oat, and maize. 
Species Gene name Accession No. GeneModel Citation 
Arabidopsis AtDREBlA/CBF3 AAD15977 At4g25480 Gilmour et al., 1998; Liu 
thaliana et al., 1998 
AtDREBlB/CBFl AAC49662 At4g25490 Stockinger et al.,1997; 
Liu et al. 1998 
AtDREB 1C/CBF2 AAD 15976 At4g25470 Gilmour et al., 1998, Liu 
et al., 1998 
AtCBF4 Q9FJ93 At5g51990 Haake et al., 2002 
AtDDFl/DREBlF Q9LN86 Atlgl 2610 Magome et al., 2004; 
Sakuma et al., 2002 
AtDDF2 Q9SGJ6 Atlg63030 Magome et al., 2004; 
Sakuma et al., 2002 
AtDREB2A * BAA36705 At5g05410 Nakashima et al., 2000 
AtABI4 * AAC39489 At2g40220 Finkelstein et al., 1998 
AtTINY * CAA64359 At5g25810 Wilson et al., 1996 
AtRAP2.1 * AAC49767 Atlg46768 Okamuro et al., 1997 
AtRAP2.4 * AAC49770 Atlg78080 Okamuro et al., 1997 
AtRAP2.10 * AAC49776 At4g36900 Okamuro et al., 1997 
Capsella CbCBF AAR26658 Wang et al. 2004a 
bursa- CbCBF25 AAR35030 Wang et al., 2004b 
pastoris 
Brassica BnCBFl AAL38242 Jaglo et al., 2001 
napus BnCBF2 AAL38243 Jaglo et al., 2001 
BnCBFS AAM18958 Gao et al., 2002 
BnCBF7 AAM18959 Gao et al., 2002 
BnCBFl 6 A AM 18960 Gao et al., 2002 
BnCBFl7 AAM18961 Gao et al., 2002 
Lycopersicon 
esculentum 
LeCBFl AAK57551 Jaglo et al., 2001; Zhang 
et al., 2004 
LeCBF2 AAS77821 Zhang et al., 2004 
LeCBF3 AAS77819 Zhang et al., 2004 
Capsicum CaCBFIB AAQ88400 Kim et al., 2004 
annuum CaCBFIB AAQ88399 Kim et al., 2004 
Prunus PaDREBl BAD27123 Kitashiba et al., 2004 
avium 
Glycine max GmDREBa A AT 12423 Li et al., 2005 
GmDREBb AAQ57226 Li et al., 2005 
GmDREBc AAP83131 Li et al., 2005 
GmDREBl AAP47161 Genbank entry 
Lolium LpCBF3 AAX57275 This study 
perenne 
Oryza saliva OsDREB 1A/CBF3 AAN02486 L0c_0s09g35030 Dobouzet et al., 2003 
OsDREBlB/CBFl AAN02488 L0c_0s09g35010 Dobouzet et al., 2003 
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Table 1 (Continued) 
Species Gene name Accession No. GeneModel Citation 
Oryza sativa OsDREB2A * AAN02487 L0c_0s01g07120 Dobouzet et al., 2003 
OsDREBIC BAA90812 L0c_0s06g03670 Dobouzet et al., 2003 
OsDREB 1D/RCBF4 BAD67595 L0c_0s06g06970# Dobouzet et al., 2003 
OsDREBlE AAX23722 L0c_0s04g48350 Genbank entry 
OsABI4 * AAV44075 L0c_0s05g28350 Genbank entry 
OsTINY/OsDREBlF* AAX23723 LOC_OS01g73770 Genbank entry 
Triticum TaCBFl AAL37944 Jaglo et al., 2001 
aestivum TaDREBl AAL01124 Shen et al., 2003 
TaCBF6 AAX28964 GenBank entry 
Hordeum BCBF1 AAK01088 Choi et al., 2002 
vulgare HvCBF3 AAG59618 Choi et al., 2002 
HvCBFl AAL84170 Xue, 2002 
HvCBF2 AAM13419 Xue, 2003 
HvCBF6 AAX23701 GenBank entry 
Secale ScCBFlike2 AAL35759 Jaglo et al., 2001 
cereale 
ScCBFlikel AAL35761 Jaglo et al., 2001 
ScCBFlike3 AAL35760 Jaglo et al., 2001 
Avena sativa AsCBFl CAJ21276 Brautigam et al., 2005 
AsCBF2 CAJ21277 Brautigam et al., 2005 
AsCBF4 CAJ21278 Brautigam et al., 2005 
Zea mays ZmDREBIA AAN76804 Qin et al., 2004 
* indicates homoiogs not belonging to the CBF family but included as outgroups. # indicates 
the rice gene in which TIGR annotation is not consistent with GenBank annotation. 
Table 2 Putative CBF homoiogs computationally identified from rice, maize, poplar, and 
pine in this study. 
Species Gene name GeneModel/Genome ESTs Note 
Oryza OsCBFPl L0c_0s09g3 5020 CK007053, CK.015226, Tandem 1* 
sativa CF984332, U38149 
OsCBFP2 L0c_0s08g43210 Tandem2 
OsCBFPS L0c_0s08g43200 Tandem2 
OsCBFP4 L0c_0s02g45450 AK106041, AK060550, 
CK009606, CF990251, 
CK011020, CK014788 
Zea mays ZmDREBlA-2 
/CBFP1 
ZmCBFP2 
ZmGSStucl 1-12-04.29495.1 
ZmGSStucl 1-12-04.35427.1 
ZmCBFP3 ZmGSStucl 1-12-04.7343.1 CF637688, CV071600 
ZmCBFP4 ZmGSStucl 1-12-04.1999.2 
ZmCBFP5 ZmGSStucl 1-12-04.14510.1 
ZmCBFP6 ZmGSStucl 1-12-04.23941.1 
ZmCBFP? ZmGSStucl 1-12-04.4919.1 
ZmCBFPS ZmGSStucl 1-12-04.432.2 AI001318 
Populus PoplarCBFPl LG XII: 13217500-13218500, 2 EST Tandem 1 
trichocarpa LG XII000461 
PoplarCBFP2 LG XII: 13229500-13230500, 1 EST Tandem 1 
PoplarCBFP3 
eugene3.00121173 
LG XV:9923300-9924300, 
grail3.0005054501 
2 EST Tandem2 
PoplarCBFP4 LG XV:9907300-9908300, 
LG XV000355 
3 EST Tandem2 
Pinus PineDREBl - CF474606, CF474485 
taeda 
PineDREB2 - C0366155, C0366243 
* The OsCBFPl is arranged in tandem array with OsDREBIA and OsDREBlB. 
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Figure legends 
Fig. 1 Multiple sequence alignment of 12 CBF3 homoiogs from Arabidopsi, tomato, 
perennial ryegrass, wheat, barley, and rice. Accession numbers of these homoiogs are listed 
in Table 1. Amino acid residues conserved in more than half of the sequences were 
highlighted in solid black. Residues with similar chemical property to the conserved ones 
were highlighted in gray. Amino acid position is indicated on the top of each panel. 
Underlined segment is the conserved AP2 DNA binding domain. * and # indicate the CBF 
signature sequences. À indicates the LWSY domain, o and • indicate the newly identified 
motif conserved among CBF homoiogs. • indicates amino acid residue differentiating 
monocot and eudicot plants. 
Fig. 2 Phylogenetic analysis of CBF3 genes. All CBF homoiogs listed in Table 1 and 2 were 
included in the analysis. Homoiogs grouped in the same clade are indicated by lines 
surrounding the clade. Branch lengths indicate distance. The underlines and dots indicate that 
these genes were arranged in tandem arrays, respectively, on rice chromosomes. LpCBF3 
was indicated by a *. 
Fig. 3 Northern analysis of the LpCBF3 transcripts under various stress conditions for 
various length of time. Perennial ryegrass plants (cv. Caddyshack) were transferred to 4°C 
(cold), sprayed withlOOpM ABA plus 0.05% (v/v) TweenSO solution (ABA), withheld water 
(drought), or treated with 1M NaCl (salt) as described in materials and methods. Ten 
microgram of total RNA was fractionated by electrophoresis in a formaldehyde agarose gel. 
The 3'end region of the LpCBF3 gene was used as a probe. 
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Fig. 4 Phenotypic appearance of seven-week-old wild-type (carrying pMDC43 vector) and 
transgenic Arabidopsis plants 35S:LpCBF3-10 and 35S:LpCBF3-l 1 under normal growth 
conditions. The two transgenic plants displayed growth retardation as evidenced by reduced 
plant height and delayed flowering. 
Fig. 5 Freezing tolerance of leaf tissue from control (wild type and wild type carrying 
pMDC43 vector) and transgenic Arabidopsis plants that are either under normal growth 
conditions (left) or after cold-acclimation for 10 days at 4°C. Leaves from non-cold 
acclimated and cold-acclimated plants were frozen to -6°C and freezing tolerance was 
assessed by measuring the percentage of ion leakage. The values are means of five 
independent samples. Statistical significance between control and transgenic plants was 
determined by the t test (*P < 0.01). 
Fig. 6 Expression of LpCBF3 and DREB1 A/AtCBF3 target genes in transgenic and control 
Arabidopsis plants by RT-PCR. The left was the expression of the three genes under normal 
growth conditions and the right was treated for 4 h at 4°C. The specific primers 
(foward/reverse: 5' CAC CAT GTG TCA AAT CAA GAA GGA GA 3' and 5' GCT CAG 
GTA GCT CCA GAG T 3') was used to amplify LpCBF3 gene and the primer pairs 
(foward/reverse: 5'TCC TCC TTT CAT TTC CAA ACA 3' and 5' CAT GAA GAG AGA 
GGA TAT GGA TCA 3' and foward/reverse: 5' TCA TCA GGA ATA AAG GGT TTG A 
3'and 5' CAT CAA AGA CGT CAA ACA AAA CA 3') were used to amplify AtcorlSa and 
rd29A gene, respectively. 
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CHAPTER 5. GENERAL CONCLUSION 
In this study, the identification of genetic regions that affect the component traits of 
winter hardiness and forage quality provides insights into the genetic control of these traits 
and allows more efficient selection in current ryegrass breeding program. In addition, 
isolation and functional analysis of the LpCBF3 gene improve our understanding of the 
molecular basis of cold-acclimation in perennial ryegrass. 
We mapped quantitative trait loci (QTL) that control winter hardiness and forage 
quality related traits by using a three-generation interspecific population of an annual x 
perennial ryegrass consisting of 152 progenies. For winter hardiness trait, fall growth (FG), 
freezing tolerance (FT), and winter survival (WS) were measured over two years. Both FG 
and FT are positively correlated with WS. A total of twenty-six QTLs were identified for the 
three traits from both the female and male parental maps, of which seven were for FG, seven 
for FT, and thirteen for WS. The proportion of phenotypic variation explained by individual 
QTLs ranged from 10.4 to 22.1%. Coincident QTLs were detected on linkage groups (LGs) 4 
and 5 for WS, on LG 5 for FT over years and maps. All QTLs for FG were identified in 2003 
only. Common QTLs for FG and WS were located on LGs 1, 3, and 4, and coincident QTLs 
of FT and WS were on LGs 3 and 5. We also observed interaction between QTLs and 
environments by comparing QTL mapping of the same population grown in two consecutive 
years. 
To map QTLs that are associated with forage quality, neutral detergent fiber (NDF), 
acid detergent fiber (ADF), acid detergent lignin (ADL), and crude protein (CP) were 
determined by near-infrared reflectance spectroscopy (NIRS). Samples were harvested three 
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times in August and September, 2003 and August, 2004, respectively. All four traits showed 
intermediate broad-sense heritability ranging from 0.31 to 0.68. Fiber components were all 
positively correlated with each other and negatively with CP. The largest correlation were 
between NDF and ADF with r = 0.86, 0.72, and 0.82 for each of the three harvests. A total 
of 63 QTLs were detected for the four traits measured over the three harvests from both the 
female and male maps. Coincident QTLs were detected on linkage groups (LGs) 2, 6, and 7 
for NDF, LGs 1, 2, and 7 for ADF, LGs 6 and 7 for ADL, and LG 2 for CP, respectively. 
Coincident QTLs were also detected on LGs 2, 6, and 7 for NDF and ADF, providing the 
genetic evidence of high phenotypic correlation. The QTLs on LGs 2, 6, and 7 for fiber 
components were co-located on the same LG with several lignin biosynthetic genes from 
perennial ryegrass. The coincident QTLs identified in the present study might serve as 
potential markers for marker-assisted selection to improve winter hardiness and forage 
quality in future ryegrass breeding program. 
The dehydration-responsive element binding proteins (DREB1 )/C-repeat (CRT) 
binding factors (CBF) function as "Master Switches" that induce expression of many cold-
regulated genes, which result in an increased freezing tolerance in Arabidopsis. We identified 
a DREB1AVCBF3-Iike gene, designated LpCBF3, from perennial ryegrass by using RT-PCR 
and RACE (rapid amplification of cDNA end). The LpCBF3 gene has an open reading frame 
of 233 amino acids and contains all the conserved domains known to exist in other CBF 
genes. Similar to other DREB1A/CBF3 homoiogs, expression of the LpCBF3 is induced by 
cold stress, but not by abscissic acid (ABA), drought, or salinity. Overexpression of the 
LpCBF3 gene in Arabidopsis induced expression of the Arabidopsis DREB1A/CBF3 target 
COR genes, cor 15a and rd29a, without cold acclimation. The transgenic plants showed 
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increased freezing tolerance under normal growth conditions. Our data demonstrated that 
LpCBF3 is similar to DREB/CBF genes in Arabidopsis and can function as a transcriptional 
regulator in Arabidopsis, a species distant to the grass family. 
In conclusion, the genetic basis of winter hardiness and forage quality has been 
examined by identifying the QTLs that control the component traits of winter hardiness and 
forage quality. The results obtained in this study provided additional tools that can be used by 
ryegrass breeders for marker-assisted selection to improve both winter hardiness and forage 
quality. The molecular basis of cold acclimation in perennial ryegrass was studied by 
isolating and characterizing the LpCBF3 gene that encode DREB/CBF like protein in 
perennial ryegrass. The result obtained may allow us to use either biotechnology or 
convention breeding to enhance freezing tolerance in ryegrass. 
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